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Abstract
Pipe inspections are performed using large robots that utilize wheels or tracks for
locomotion. Due to their large size, weight and hard exterior, these robots can occasionally cause
damage to the pipe interiors during inspection. In addition, these pipe inspection robots struggle
with the ability to move in a congested environment and adapt to obstacles or geometry changes
within the pipe. This project investigates the capabilities of auxetic and conventional
metamaterials to achieve locomotion in an enclosed channel through the different metamaterials
reactions to an axial force. The resulting robot is capable of both horizontal and vertical
locomotion. Computer simulation is used to confirm the metamaterial s effective Poisson s ratio
through testing deformation under applied loads at small displacements. Physical testing of the
soft-bodied robot is employed to demonstrate the force needed for movement and validate the
auxetic and conventional metamaterial behavior. The extensive work serves as a proof of concept
of auxetic metamaterials as a viable solution for less invasive movement through enclosed
channels. Further work and alterations to the soft-bodied robot body may allow for future
applications in realms such as medical device development.
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Chapter 1 - Introduction
1.1 - Background
Various pipes, such as water and sewer, are completely underground. While pipes are in
service for many years, they must be rehabilitated periodically due to updates in infrastructure,
suspicion of corrosion, or cracking. Prior to pipes being rehabilitated, they must be inspected in
order to confirm the current condition of the pipe. This is needed so that money is not wasted
on demolishing existing pipes if they can be rehabilitated. Sewer pipelines are inspected to
check alignment, slope, and potential damage or proof of a defective pipeline. Due to the fact
that these pipes are entirely underground, a view of the whole pipe, or pipe section of interest,
is not easily accessible. Manholes must be used in order to cut an opening into the pipe and gain
a point of access.
Municipal utility districts providing water, sewage, and stormwater drainage need flows
to remain constant in order to continue providing service for the county. A bypass system is
then put in place so that the flow can continue and bypass the pipe section of interest for
inspection. Thus, the pipe is to remain empty at the time of inspection, but there may be left
over contaminants remaining in the pipe such as built-up corrosion or debris.
Currently, large and bulky robots with cameras attached, as shown in Figure 1, are used to
progress through the pipe and provide footage showcasing the inside of the pipe and giving
proof as to the current condition. These hard robots on wheels are often made of metal, have
sharp edges, and have oversized wheels, making any alteration in pipe geometry or condition
difficult to adjust to. In addition, if the pipe is corroding, which is often the case when
contractors intend to rehabilitate portions of the pipe, the hard robot could cause further damage
by weakening the pipe interior.
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Figure 1: Crawler robot inside pipe used for sewer inspection [1]. Used without
permission.
The shape and components of the hard robot result in an inability to continue forward
motion if an obstruction is encountered. While specifications vary slightly from water district to
water district, often the contractor has to notify the water district and agree on a method of
removal. The contractor is responsible for the removal of the obstruction, usually through
excavation, and replacing whatever pipe section is necessary. This results in a loss of time and
money, thus setting the contractor back and affecting the overall progress of the job.
The potential setbacks resulting from use of a hard robot during pipe inspections call for
a cheaper, softer and more flexible method. For our senior design project, we intend to create a
soft-bodied robot capable of traveling through a pipe. We are sponsored by Multiscale Systems,
an advanced materials and manufacturing firm developing commercial applications of
mechanical metamaterial technology. Multiscale Systems searches for complex problems in the
world that can be solved by the addition of metamaterials. The company is looking to use our
research and development as a proof of concept to aid similar and more advanced locomotion
systems. Our team consists of five mechanical engineering undergraduate students at Santa Clara
University, two faculty advisors, Professor Michael Taylor and Professor On Shun Pak, and a
representative from Multiscale Systems, Dr. Art Evans.

1.2 - Problem Statement
Pipe inspection is essential for the maintenance of all pipe infrastructure, as it is the only
way to determine if there are any damages or obstructions in the pipe. However, with the United
2

States water main infrastructure receiving a D+ grade from the American Societ of Civil
Engineers, the problems with current inspections methods are apparent [2]. The general design
for devices currently in use is a large, remote controlled hard-materialled robot on wheels. These
robots are heavy, expensive, and their limited maneuverability inhibits them from completing
full inspections of the pipe. Furthermore, their hard materials pose the risk of possibly harming
the pipe if they come in contact with the pipe. Due to these shortcomings of current devices, we
will develop a soft-material pipe inspection device that will be able to reach places and overcome
obstacles that current devices cannot handle without harming the pipe interior.

1.3 - Review of Literature
Pipe inspections are a critical aspect in not only pipe maintenance but also in properly
allocating resources to the correct infrastructure [1]. It is critical that different pipes be
inspected so that engineers can determine if the pipe can stay in use or if repairs or
reconstruction is needed. Additionally, with the current state of the piping systems in the United
States, it is critical that the resources that are allotted to this infrastructure be used in the most
efficient way possible. Currently the robots being deployed for these inspections are costly,
heavy, hard bodied, and can potentially further damage the pipes [1]. Our solution to this was to
create a proof of concept for a soft-bodied robot that utilized conventional and auxetic material
blocks to crawl through a pipe.
Partnering with Multiscale Systems provides a great opportunity to create a proof of
concept to influence the future of pipe inspection robots. Multiscale Systems is a company that
works in a variety of different fields where metamaterials can be utilized in order to solve real
world problems [3]. These problems include creating lightweight impact resistant materials for
energy absorption applications, lightweight components for transportation, and developing
materials that can handle extreme pressure differentials for geothermal applications [3]. Our
contact at Multiscale Systems was excited to work with our team on the development of a softbodied robot that utilizes metamaterials for locomotion.
The metamaterials that are being developed by Multiscale Systems rely on origami-like
geometry in order to change the mechanical properties of the system. Specifically, we are
considering auxetic metamaterials as well as conventional metamaterials. Auxetic
metamaterials are material structures that exhibit a negative Poisson's ratio. Poisson's ratio is
3

the ratio of transverse strain to axial strain. In short, a negative Poisson's ratio means that under
compression the material will contract, and under tension the material will expand. In contrast,
a conventional material has a positive Poisson's ratio and will expand under compression and
contract under tension. Figure 2 below demonstrates the difference between conventional and
auxetic materials.

Figure 2: Graphic demonstrating the response of both auxetic and conventional
materials when subjected to both compression and tension. Sketch by Nick Rogers.
These metamaterials can be formed by 3D printing a material with a matrix of voids that
cause various instabilities, such as buckling, in the material. Buckling allows for the block of
material to behave differently as a whole [4]. Specifically, these voids change the effective
Poisson's ratio of the material based on the configuration, shape and layout of the voids. The
effective Poisson s ratio is different from the Poisson s ratio of the bulk of the material as the
effective Poisson s ratio is a new value as a result of the voids. Thus, through various void
configurations it is possible to construct a conventional and auxetic metamaterial with the same
Poisson s ratio but with opposite signs. These Poisson's ratios that are opposite in signs are
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critical in developing a soft-bodied robot that utilizes conventional and auxetic material blocks to
crawl through a pipe [4].
Although there are existing soft-bodied robots that utilize metamaterials [6], many of
them are yet to be fully functional devices used in industry. This is in large part due to the
relatively new nature of metamaterials. For this reason, we are focusing more on a proof of
concept and less on a fully functional device. This is in large part due to time limitations as well
as the fact that many of the components of this design must be fabricated by hand.

1.4 - Project Objective
We aimed to create a soft-bodied robot crawler that operates inside of a closed conduit
two inches in diameter with the purpose of conducting a pipe inspection. Though this was our
aim, and it provided us with our project parameters, we also pursued this as a proof of concept of
soft-bodied robot locomotion that can be applied to other fields as well. This was motivated by
the desire to create a simpler system that improves upon current devices by being able to reach
places and overcome obstacles that current devices cannot handle. The soft materials used were
implemented with the intention to cloak obstructions in the pipe and allow the robot to navigate
past them. We also intended to improve locomotive performance based on other soft-bodied
robots we researched. We pursued these objectives while simultaneously working to reduce
weight and cost.

5

Chapter 2 - System-Level
2.1 - Customer Needs
In order to determine the customer needs for our soft-body metamaterial robot design, it
was important to seek out information from a group of users. This was slightly more difficult due
to the nature of this report because this design is a proof of concept rather than a physical device
with comparable products currently on the market. For this reason, we decided to reach out to
individuals both in the academic and professional field. Of the different sources in academia that
we reached out to, all were researching either metamaterials or methods of locomotion. In
addition, we reached out to our contact at Multiscale Systems, Dr. Evans. His responses were the
ones we weighed most heavily because he is our main customer, and our final design has to meet
his specifications and criteria. The questions that we asked our sources were intended to give us
feedback and a sense of direction for our overall design. After receiving the results of the
questionnaire, we gathered the feedback and organized it into Table 1 shown below. The most
important features were given a score of five, while the least important features were given a
score of one. While Dr. Evans was the initial customer, subcontractors are future customers as
the robot gets closer to commercialization stages. They are the future customers because the
robot is intended to be used as the main tool for pipe inspections on construction sites.

6

Table 1: Criteria for proof of concept and the importance level based on the response
from the questionnaire. Higher number signifies increasing importance.
Criteria for Proof of Concept

Importance Level

Demonstrates improvement from other existing studies

5

Can be used to show how metamaterials can simplify the robotic design

5

Has a clear application in a real-world setting

4

Design can be readily augmented and put into existing products

4

The real-world application is a biomedical application

2

Inspire new avenues of research and collaboration

3

Design improves existing products on the market

2

Be able to predict and actively control unit cell geometry for a chosen
application
Document our design so that other research teams can build off our
results

5

The design has applications that could ultimately result in monetary gain

2

5

2.2 - System Level Requirements
The criteria we received is crucial in helping us narrow down our objectives for our
project. We discovered that our customers are less focused on creating a product that would go
directly onto the market, and more focused on learning more about the technology behind the
product and using it to build upon for later applications. The idea of a soft-body metamaterial
robot that can crawl through an enclosed channel and potentially navigate around small obstacles
was an idea that fulfilled all our criteria. This project will involve extensive research into existing
metamaterial functions, design, and applications. Our feedback from our questionnaire also
stressed the importance of improving a current problem with the use of a metamaterial instead of
creating a problem to solve. Therefore, after discussing what would be the best suited application
for our final design, we decided that a pipe inspection robot would be the most practical. After
creating a working prototype for pipe inspections, our design can be further manipulated in order
to be used in more advanced applications in the future.
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After selecting a pipe inspection as our application for our final design, it was important
to narrow down our system level requirements and parameters. The most important parameter
was to decide which kind of pipe we were going to base our robots size off. We concluded that a
two-inch diameter pipe would be the most beneficial. A two-inch diameter was chosen as it is a
common pipe size and allows for an easy transition into other future fields of applications. For
example, the average size of a colon is about two inches meaning minimal adjustments to our
design would need to take place in order to transition into the biomedical field [5].

2.3 - System User Scenario
In order to understand the importance of the robot, it is essential to first know the specific
scenario that the robot will be deployed in. The user, a subcontractor on a construction site, gains
access to a pipe through a manhole and fits the soft-bodied metamaterial robot into the pipe. The
radius of the two metamaterial blocks is designed to be slightly greater than the inner pipe
diameter, but the material is compressible, allowing it to fit inside the pipe. Upon placement into
the pipe, the actuator must be powered. Tethered pneumatic bellows serve as the linear actuator
for the system. The bellows will be powered to expand and contract in the forward direction of
the pipe, thus allowing the auxetic and conventional metamaterial reaction mechanism to begin.
When stretched in tension, auxetic materials expand laterally rather than contracting. By pairing
the equivalent but opposite signed conventional and auxetic material blocks and applying an
expanding and contracting force in between the blocks, the soft-bodied robot follows an inch
worm motion and can move within an enclosed channel. A diagram depicting the user scenario
of the pipe inspection can be seen in Figure 3 below.

Figure 3: User scenario of soft-bodied robot within cylindrical pipe.
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While in use, the soft-bodied robot will enter at the manhole location and crawl through
the pipe until the next junction point is reached where the device can be removed. This is up to
the discretion of the sub-contractor, contractor, and owner depending on the existing manhole
locations and desired area of inspection. While in use for an inspection, a camera is attached to
the front face of the device and must abide by ASTM F3905 - 17a: Standard Practice for Laser
Technologies for Direct Measurement of Cross-Sectional Pipeline and Conduit by Rotating
Laser Diodes and CCTV Camera System. Further information on this standard can be found in
Appendix A. This camera will not be included in the scope of this project due to the main focus
of this project being on the locomotive capabilities of metamaterials. We are more so focused on
successful locomotion of the robot to satisfy Multiscale Systems hopes and needs for our
research. Later iterations could include a camera in its scope.

2.4 - Functional Analysis
The final prototype will be a soft-bodied robot containing two main subsystems: the two
metamaterial cylinders and a linear actuator. The main goal for this prototype is to further the
research and development of the locomotive capabilities of metamaterials. The specific
capability that is focused on in this report is locomotion in unknown enclosed channels, such as
during a pipe inspection.
2.4.1 - Functional Decomposition
The two metamaterial c linders will be heavil dependent on each other as the Poisson s
ratio is to ideally be equal and opposite. The specific reasoning for this is explained in Chapter 3.
By altering the geometry of the material, it is possible to obtain an auxetic material with a
negative Poisson s ratio that reacts to stress in an opposite manner than a conventional Poisson s
ratio. The specific unit cell of these metamaterial subsystems reflects a honeycomb structure,
with opposite signed, but equivalent magnitude inner angles. The unit cells are then repeated to
form a larger, symmetrical body. This is exemplified in Figure 4, however a cylinder unit cell
shape was used rather than a square.
The original design of the auxetic metamaterial involves an addition of the auxetic conelike structure on the front face of the auxetic body. The cone is implemented in order to account
9

for any small geometric adaptation or obstacle that the soft-bodied robot faces during its forward
motion through the enclosed channel. If the pipe diameter varies slightly due to corrosion, joints,
cracks or other reasons, the lesser diameter of the cone on the front block allows for the softbodied robot to squeeze through the geometric variation. This squeezing mechanism is based on
the general auxetic behavior, as force on the side of the cone, resulting from hitting a geometric
variation head on, will result in the metamaterial body compressing inwards. If the cone is not
present, the geometric variation will hit the blunt front face of the auxetic metamaterial, and risk
a potential for stoppage in the forward motion of the robot. The cone was a late addition to the
physical prototype because of the limited access to 3D printers as a result of COVID-19. The
team focused on printing several iterations of the cylinders without the cone to get ideal
locomotion before adding on another subsystem. For this reason, the soft-bodied robot final print
included a cone attachment, but the testing did not involve the robot with the cone addition.

Figure 4: General concept of metamaterial subsystem. Sketch by Caroline Stephens.
The other subsystem is the linear actuator. The design for the actuator consists of
pneumatic bellows sealed and connected to the two metamaterial bodies. Further details on the
design of the actuator are included in Chapter 4. The main function of the linear actuator is to
power the movement of the soft-bodied robot through a series of simple linear expansions and
contractions as shown in Figure 5. When attached to the metamaterials, this expansion and
contraction motion along the pipe path results in the simultaneous sliding and anchoring of the
metamaterials into the pipe interior walls.
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Figure 5: Concept of soft robot with actuator at rest, in expansion, and in contraction.
Components include the auxetic cylinder (orange), actuator (blue), and conventional cylinder
(yellow). Sketch by Caroline Stephens.
2.4.2 - Inputs and Outputs
The input of the actuator is the pressurized air. This occurs through the use of a hand
pump and tether going through the center of the conventional metamaterial and attaching to the
back end of the pneumatic bellow linear actuator, as shown in Figure 24. The pressurized air fills
up the bellows, allowing for expansion and an increase in length of the actuator and thus the
robot body. The output of the actuator is the increase or decrease of body length when the air is
vacuumed out.
The input for the metamaterial subsystems is the axial force received from the expansion
of the actuator. This force is applied to the inner face of both the conventional metamaterial and
the auxetic metamaterial. The output of the metamaterial subsystems involves the opposite and
complementary behavior of the material blocks. The conventional metamaterial subsystem is
responsible for expanding into the channel walls when axial force is applied and the auxetic
metamaterial is responsible for contracting inwards to the center of the pipe as axial force is
applied. The geometry of the material allows for flexible joints with a large angle of expansion,
thus allowing for an overall flexible body capable of movement and following the path of the
pipe. The combination of the actuator output motion and the metamaterial output reaction allows
for forward locomotion in an enclosed channel.
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Both subsystems are significantly constrained by manufacturing options. Due to the
COVID-19 virus and certain access being restricted, 3D printers were the best choice for
manufacturing the parts. There are cons of using 3D printers and the capabilities of the printer
greatly affect the design choice. Overhang and wall thickness were the biggest concern for
printing the metamaterial cylinders. The specific resolution of the printers is taken into account
because this affects the minimum size that a unit cell can be, but it does not appear to be an issue
currently as the printer resolution is very small. Further details on specifications for the available
printers are provided in Appendix B.

2.5 - Benchmarking
In order to be able to compare the finalized proof of concept that will be created to other
pipe inspection robots it is important to first consider the other available systems that have been
fabricated or are being used. It is important to consider, however, that the chosen design must be
compared to two different types of existing systems in order to gauge the success of the design.
First, the final design must be compared to existing pipe inspection systems that are already
being employed for small diameter pipe inspections. Next, this same design must also be
compared to similar soft-bodied robotic crawlers that have been developed.
When comparing the design to the existing designs of pipe inspection robots, there are a
few clear benefits as well as clear drawbacks. There are multiple types of robots that are
employed for small diameter pipe inspections. These different types of robots include gravity,
fluid flow, and pressed fit robots. The most common type of robot being employed are gravity
robots. These robots that are being employed are hard bodied, complicated, and propelled often
by wheels or tracks [1]. Because they are so mechanically complex, they rely on numerous
expensive components. In addition, they are unable to move up inclined pipes. Another type of
robot is pressed fit robots. Once again, these robots are incredibly complicated. Additionally,
they are very expensive and have hard materialled bodies. Finally, there are fluid flow robots.
This being said the chosen pipe inspection application will occur in a fluid free pipe and thus the
final design will not be compared to fluid flow robots for benchmarking. When comparing these
different types of robots to the proposed final design, it is clear that the hard-bodied robots are
significantly more expensive, complex, and can potentially damage the pipes. Additionally,
gravity robots are unable to traverse inclined pipes. Although these are clear drawbacks, the
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current robots make up for it with their speed, bidirectionality, untethered ability, and reliability.
These are all key components that the finished proof of concept will struggle to compete with.
When comparing the design to existing soft-bodied robots that employ mechanical
metamaterials for locomotion, there are a few similar designs and quite a few different ones. One
design that is very unique is a soft-bodied robot that relies on a kirigami skin for locomotion [6].
These skins are metamaterials that rely on anisotropic friction in order to move. This design is
very different from the proposed solution because it is not meant to operate in an enclosed
channel. Due to this, the kirigami design is thus difficult to compare to the proposed solution.
This being said, the proposed solution is very similar to another soft-bodied robot design. These
designs are similar because they both employ auxetic and conventional metamaterial blocks
between an actuator to move in an enclosed channel [7]. This design however is unusable for
pipe inspection applications. This is due to the fact that the metamaterials being employed are
cubes and thus would not fit well in a cylindrical pipe. Additionally, this design employs a
completely different base unit cell. Based off extensive research into other pipe inspection robots
for small diameter pipes as well as other metamaterial robots, it was possible to develop some
competitive benchmarking criteria for the proposed solution. These benchmarking requirements
formed our product design specifications (PDS) as seen below in Table 2.
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Table 2: Product design specifications for proposed solution.
Category

Criteria

Reference

Speed

> .1 in/s

[8], [9]

Weight

< 100 oz

[8], [7]

Pipe Diameter

< 4 in

[10], [7]

Soft-Bodied

Yes

[11]

Simplistic

Yes

[11]

Traverse Inclined Pipes

Yes

[11]

Traverse Pipe Bends

Yes

[11]

Cost Effective

Yes

[11]

2.6 - Key System Issues, Options, and Rationale
Many iterations of desired system options were considered in this project. Four main
design goals were considered when creating the design matrix listed in Appendix C:
directionality, adaptation to obstacles, untethered, and locomotion. Each of these sections
would be an improvement on previously created soft-bodied robot designs that utilize
metamaterials for locomotion. The rationale for choosing which goals were most important
came from the importance to pipe inspections. The design goals were ranked based on
importance in Table 3 where one is most important and four is least important. As shown, the
untethered system and bidirectionality ideas ranked poorly. Bidirectionality was determined to
be less desirable because the robot will be removed at the other end of the pipe, negating the
need for this feature. Creating an untethered system was ranked least important because it
removes the retrieval method for the device, which would become necessary if something were
to go wrong during the inspection process. This feature caused more problems than it fixed.

14

Table 3: Design goals and ranked importance/feasibility for creation of metamaterial
project with 1 being the most feasible and 4 being the least.

Design Goals
Design Goals:

Rank

Bidirectionality

3

Adaptation to Obstacles

1

Untethered

4

Locomotion

2

All of the possible designs were then divided into three groups: metamaterial, actuator,
and configuration of soft-bodied robot. Each of three had the same subcategories which were
then ranked worst to best on a scale of one to five respectfully. The subcategories ranked were
as follows: manufacturability, durability, cost, stroke length, body length, force, weight, speed,
locomotion, adaptation to obstacles, feasibility of untethered, feasibility of bidirectionality. If a
particular criterion did not apply to the design, it was given a zero to not interfere with the
assessment. Next, each of the categories were assigned a weight based upon the overall
importance to the system decided by the group. This weight factor chart is shown in Table 4.

15

Table 4: Weighted factors for design matrix when considering each criterion. Each
factor was applied to the subcategories to identify the best design option.
Criteria

Factor

Manufacturability

15.00%

Durability

5.00%

Cost

7.50%

Stroke Length

5.00%

Body Length

5.00%

Force

10.00%

Weight

15.00%

Speed

2.50%

Locomotion

15.00%

Adaptation to Obstacles

12.50%

Feasibility of Untethered

5.00%

Feasibility of Bidirectionality

2.50%

Total

100.00%

Manufacturability, locomotion, and weight were identified as having the greatest
importance and therefore received the greatest weight in the design matrix. The goal of the
project is a proof of concept of a mechanical metamaterial crawler. Having a robot that is
capable and light enough to move and can be made by a student group is important. On the
contrary, feasibility of bidirectionality and speed had a low factor as they were not as important
for the team to implement.

2.7 - Layout of System-Level Design
The system layout consists of a conventional metamaterial cylinder at the back of the
robot, custom end caps attached to the bellow, and an auxetic metamaterial cylinder at the front.
The back end of the pneumatic bellow actuator is connected through its end cap to the
conventional metamaterial. The front end of the pneumatic bellow is attached through the other
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end cap to the back face of the auxetic cylinder. The layout is shown in Figure 6. The auxetic
metamaterial cylinder is designed to be the same size as the conventional metamaterial cylinder
at 1.51 inches. The total length of the robot at rest is 6.27 inches.

Figure 6: System level design for the soft robot containing the metamaterial blocks, bellows,
and end caps serving as connections in compression (top), at rest (middle), and tension
(bottom). Sketch by Caroline Stephens.

2.8 - Team and Project Management
2.8.1 - Project Challenges and Constraints
Many project challenges and constraints such as remote learning and limited access to
resources were considered within the scope of this project due to COVID-19. Remote learning
proved to be a challenge as communication is nearly entirely virtual. Using resources such as
Zoom and Google Docs has been essential to hold weekly meetings and collaborate on reports
and projects. The members of the team have been lucky enough to all be located near Santa
Clara to occasionally meet in person, while practicing proper social distancing, to discuss and
work on the project.
In the fall, the majority of this project was research and CAD modeling, so access to
testing and prototyping equipment was not an issue. As we moved into the winter quarter and
began serious prototyping, limited access to Maker Lab and other fabricating resources was
troublesome. Although the team was able to prototype, they had to rely on Maker Lab
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supervisors to 3D print our parts. Maker Lab supervisors were also only allowed in the lab
during certain days and hours of the week, varying lead times. We thank Maker Lab for setting
up resources to allow our group to send files for 3D printing and pick them up. Although not
necessarily gaining the hands-on experience of fabricating the parts ourselves, the parts were
about to be successfully printed.
During spring quarter, we were unable to use any of the on-campus testing facilities for
our actuator and cylinders. Instead, homemade testing devices were constructed using
household materials. The team was fortunate to borrow weights, calibers, and scales from the
SCU Civil Engineering Lab to use for testing. Although not as precise as testing in a fully
controllable and precise environment, some testing of our cylinders and actuator were
performed and studied.
2.8.2 - Budget
Our project was funded by our sponsor Multiscale Systems, who committed a grant of
$2,000. Although we were allotted $2,000 to spend, our final project ended up being under
budget. The total cost of the project came out to be $425 which is only around twenty percent of
our budget. The team split up spending into three categories: the actuator, metamaterial
prototypes, and testing equipment. The majority of spending went towards the components
needed to build both the pneumatic bellows and mechanical linear actuators. The next largest
portion of spending consisted of the materials purchased for attempt at making a mold of the
conventional metamaterial cylinders. It should be noted that the cost of the metamaterial
cylinders would have been significantly more expensive, however, all of the 3D printed cylinder
prototypes were free of cost since they were printed in the SCU Maker Lab. Finally, testing
equipment made up the smallest portion of budget as we were able to borrow most of the
equiptment we used from the engineering labs on campus. A breakdown of our project spending
is shown in and a detailed budget can be seen in Appendix D.
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Figure 7: The breakdown of the total spending for our project.
2.8.3 - Timeline
The timeline, shown Appendix E, outlines the quarter-by-quarter plan. The majority of
fall quarter was spent on various types of research. Since the project largely focused on
metamaterials, a considerable amount of time was spent on researching them. In the fall, the
problem statement was formally defined. Four of our members participated in a Finite Element
Analysis (FEA) class and studied Abaqus throughout the quarter. For the winter quarter FEA
continued along with various trials of 3D printed prototype manufacturing. FEA was used to
iterate the CAD models to create the most efficient and effective soft-bodied robotic crawler.
During early spring quarter, the final cylinders for the final mechanical metamaterial crawler
were printed and various tests were performed on it as well as each of the subsystems. The later
part of spring quarter was spent on preparing for the final report and presentation in May.
2.8.4 - Design Process
The design process focused on theoretical calculations, FEA, manufacturing, and
testing. The first step of creating a functioning prototype was hand calculations to identify the
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best Poisson s ratio for the unit cells. Then, c linders composed of the unit cells were created
within Solidworks. The Solidworks files were then exported and used to run FEA. In the FEA,
the effective Poisson s ratio of the c linder was computed and then compared to the theoretical.
After FEA, the cylinders were 3D printed. The manufacturing step was the most critical,
because in some cases the cylinder design would look good on paper, but could not be
manufactured due to overhang and other faults. When a cylinder was successfully printed, a
simple hand compression test, where the cylinders were compressed with the force of a hand
squeeze, would be performed. This process was very iterative and is illustrated in Figure 8.

Figure 8: Metamaterial cylinder design process.

2.8.5 - Safety Risks & Mitigations
Our project is relatively safe when it comes to the dangers it poses to the members of our
team. However, there are still some aspects of the project that need to be considered. From our
safety assessment we determined that the following elements of our project process could be
hazardous:
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1. Stored energy - pressure exceeding atmospheric
2. Extreme temperatures
3. Batteries
4. Robotics
5. Machine power transmission - pinch points
The actuator we use utilizes a change in pressure exceeding atmospheric pressure that
allows the system to operate. This actuator is constantly in use while the system is in motion. If
the pressure limits of the actuator are exceeded the system could burst and cause harm to those in
the vicinity. The limits of the actuator in use is that it has a burst pressure of approximately 440
psi. When considering our actuator will be operating at pressures closer to the 2.0 - 5.0 psi range,
the danger this poses to the team is minimal. However, this can be monitored with a pressure
gage. Furthermore, the robot will only be operated within the confines of a hard plastic pipe
which further minimi es the potential danger to user s, but safet glasses and hearing protection
will be worn, and a safe distance from the robot should be maintained during operation. If high
pressures are used, then the system must be checked before each use to ensure there are no leaks
or faults to maintain proper functionality and a safe work environment.
As we 3D print the metamaterials in the Santa Clara University Maker Lab, we must be
cautious of the high temperatures the printers operate at. This poses the risk of minor burns. As
we make these prints we must abide by the Santa Clara University Maker Lab safety protocols
found in Appendix F and use protective eye wear and heat gloves during operation, as well as
avoid direct contact with the model, nozzle, or printing platform.
The primary focus of our project is on the locomotion of our robot, and in an attempt to
achieve this, an electric actuator was tested. This actuator did not run off of pressure as the
pneumatic bellows did, and instead required a power source to move the system. We used a
lithium-ion polymer battery and other sources of power to do this. If handled improperly, these
batteries pose the risk of fire and/or explosion. Improper handling, as outlined by the
manufacturer, includes dropping or allowing the battery to experience physical impact, storing
the battery in humid conditions, storing the battery in temperatures above 130°F or below 32°F,
or charging it improperly. To avoid these damages resulting from improper handling, we will
follow the manufacturer s instructions for storage b keeping it in a non-humid, room
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temperature environment, inspect it for physical damages before each use, and charge it properly
by allowing for complete depletion and never charging it while it is already fully charged.
As we wired the system and created its robotic components, we were wary of
electrocution. To prevent this, we ensured that the system was not connected to power as it is
being wired. Additionally, in the case of static electricity, we kept the system grounded and wore
anti-static wrist bands which attached us to the machine, eliminating the possibility for
discharge, protecting both us and the machinery. Furthermore, some of the robotic components
we use compress and expand while the device is in operation. This motion creates pinch points in
the system which are harmful if someone is in contact with the robot during motion. To prevent
this, while the device is in motion, a safe distance was kept from the robot and protective gloves
were worn when handled.
2.8.6 - Team Management
Our approach to team management grew to become much more dynamic and adaptable
than originally intended. At first, the responsibilities and positions were divided among group
members, but as the project progressed and more of what each role demanded was realized, this
approach was adapted so that work was divided evenly between each team member. Andrew
Boyle is responsible for creating a weekly activity report with John Barr for the benefit of
ourselves and the advisors. Caroline Stephens is the team manager and was responsible for
keeping us on track and ensuring that everyone is doing what they are supposed to. Nick Rogers
is in charge of communication and was responsible for contacting our advisors whenever needed,
as well as creating and scheduling Zoom meetings. Matthew Goodfellow is the note taker for all
meetings so that a log of discussions was kept and could be referred to. Apart from these
positional responsibilities, weekly research and work was evenly distributed at the end of each
weekly meeting.
Going forward, responsibility for research and progress in each aspect of the project was
divided. However, these responsibilities were adaptable as one aspect of the project became
more intensive than the others. In other words, the following designations are assigning
responsibility to individuals for their completion, but all team members helped each other when
necessary. Andrew Boyle was in charge of CAD designs and development, as well as research
into 3D printing and manufacturing techniques for the physical prototypes. John Barr was
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responsible for researching and creating the actuators that were used in our prototypes and final
design. Caroline Stephens was responsible for researching the metamaterials and the formulas
that governed them and the performance of our device. Matthew Goodfellow was responsible for
the Finite Element Analysis of our designs. Nick Rogers assisted in the categories of actuators,
metamaterials, and Finite Element Analysis.
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Chapter 3 - Subsystem: Metamaterials
3.1 - Introduction
The metamaterial subsystem consists of the two 3D printed metamaterial cylinders on
either end of the actuator. The forward-facing cylinder is the auxetic metamaterial while the
cylinder in the rear is the conventional metamaterial. The cylinders are formed by rotating the
auxetic or conventional unit cell pattern about the axis of revolution so that the properties of the
material can be effective radially as intended. The exact dimensions of the NinjaFlex cylinders
are 1.51 inches tall with an outer diameter of 2.017 inches for the auxetic cylinder and 2.007
inches for the conventional cylinder.

3.2 - Roles and Requirements
3.2.1 - General Requirements
As will be e plained in Section 3.2.2, these metamaterials require Poisson s ratios which
are equal in magnitude and opposite in sign. The effective Young s modulus must also be
equivalent for the conventional and auxetic cylinders so that both ends of the robot have the
same strain for the stress applied. This optimizes the locomotion of the system and allows for it
to move evenly and efficiently. The metamaterials need to be flexible in order to allow the robot
to perform its intended function of navigating past potential obstructions in the pipe. The
flexibility of the material will allow the robot to cloak the obstruction and move past it with ease.
The outer diameter needs to be slightly larger than two inches in order to fit snugly inside
the two-inch inner diameter of the pipe. The size and shape of the unit cell were determined
through an iterative cycle of theoretical calculations, finite element analysis, 3D printing, and
physical testing. The final unit cells for the auxetic and conventional cylinders were a
honeycomb structure with an interior angle of |38°|, a wall thickness of one printing extrusion,
and 1.4 unit cells were revolved around the central axis.
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3.2.2 - Working Principle
The main question driving the calculations and theory research for the locomotion of the
soft-bodied robot is, how does the Poisson s ratio affect crawling performance? This guides
unit cell choice and future adaptations to unit cell design. Adaptations to the design involve
altering the length, angle, and thickness of the members. Poisson s ratio is defined as
𝜐= −

𝜀𝑡
,
𝜀𝑙

(1

where 𝜀𝑙 is the lateral strain and 𝜀𝑡 is the transverse strain. As previously stated, auxetic
materials have a negative Poisson s ratio and conventional materials have a positive Poisson s
ratio. The natural range of Poisson s ratio for isotropic materials is from -1 < 𝜈 < 0.5. Most
metals are around 0.25 to 0.35, rubber polymers are around 0.5, and cork is around 0 [12].
While the metamaterial structure used in the robot is not entirely isotropic, it is helpful to have
a general range of acceptable Poisson s ratio values.
In order to understand how a metamaterial robot can move in an enclosed channel, the
equation for pressure within a pipe due to interference is shown as
𝑃=

𝐸𝛿
,
𝑅(1 − 𝜐

(2

where P is the pressure, E is the Young s modulus, is the interference between the
metamaterial and the pipe, R is the inner radius of the pipe, and v is the Poisson s ratio. The
pressure in the pipe is an important value because the pressure supplied from the bellows,
multiplied by the contact area of the metamaterial cylinders on the pipe inner wall, serves as the
normal force. This normal force multiplied by the coefficient of friction is the friction that the
metamaterial cylinders face. Thus, as the pressure increases, the friction increases. The change
in friction and pressure allows for locomotion. Manipulation of these principles and the
pressure in a pipe equation led to the relationship shown as
−𝜐𝐹
(3
,
𝜋𝑅2
where F is the force provided from the linear actuator. Using this expression, it is evident the
Δ𝑃 ~

reaction that will occur with force applied to the two different metamaterials. Basic calculations
and manipulations can be seen in Appendix G.
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When the linear actuator provides a contracting force on the auxetic cylinder, there is
less pressure and less friction to overcome, so the cylinder will contract inwards and then slide
forwards because it is no longer gripping to the inside of the pipe wall. Simultaneously, the
contracting force on the conventional c linder, which has a positive Poisson s ratio, will result
in an increase in pressure and therefore an increase in friction. The conventional metamaterial
will then expand into the inner wall of the pipe and the cylinder will act as a fixed anchor while
the auxetic metamaterial cylinder slides forward. Using the relationship described in Equation
3, it is evident that the opposite occurs when the bellows expand and are in tension. The
pressure change for the positive force will then be positive in the auxetic cylinder and negative
in the conventional cylinder. The auxetic cylinder will act as a fixed anchor while the
conventional cylinder will contract inwards and slide forward. This alternating behavior as a
result of the expanding and contracting of the bellows results in an inchworm-like motion of the
soft-bodied robot.
Aside from the general motion of the robot, Equation 3 provides some guidance for how
to choose the ideal Poisson s ratio. A few conclusions can be made through simplification of
the expression as well as basic knowledge of dynamics. First, a larger |𝜈| results in the same
movement at a lower value of friction. Thus, less force is required from the linear actuator. If
the same amount of force is applied with a greater |𝜈|, then there is a larger net force because of
decreased friction, so a greater speed occurs. Additionally, a larger |𝜈| reduces the displacement
required to overcome the clutch compliance. The clutch compliance value stands for the length
during which sliding occurs with no cylinder acting as an anchor. Essentially, the robot will
potentially move slightly backwards until enough pressure is applied to overcome the clutch
compliance. A decrease in the minimum force required to overcome the compliance could also
be seen as a decrease in compliance for an increase in force applied. The distance traveled per
stroke would then increase because it is simply the stroke length minus the compliance
displacement. Thus, it can be concluded that a large |𝜈| is ideal.
The specific range of |𝜈| is realized from using the range typical for an isotropic
material, -1 < 𝜈 < 0.5, and thinking of the conditions for optimal locomotion performance.
Hypothetically, if the change in pressure for the two metamaterial cylinders is equivalent, then
the robot will move forward because the contraction amount and displacement amount is
equivalent for the provided pressure. Thus, one will anchor and one will slide. It is important to
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note that the force applied to both cylinders is equivalent because it is coming from the same
source, the linear actuator. If the pressure change and the force provided is equivalent for the
two cylinders, then the pressure change is
𝛿
𝛿

=

1−𝜐
1−𝜐

,

(4

where the subscripts C and A refer to conventional and auxetic respectively. This equation can
be satisfied in wa s other than simpl having the Poisson s ratio values match. However, the
interference values can t differ that greatl because the material is within a stiff two-inch
diameter pipe, thus the ratio of the interferences will be close to one, so the ratio of the two
Poisson s ratio values should also be close to one. This is not the onl wa that the locomotion
can occur, but it is the safest bet for it to occur because then the pressure change will be
equivalent.
As a result of these equations, expressions, and derivations, it is evident that the driving
value for locomotion performance is the Poisson s ratio value. Given the theor and
calculations explained in the prior paragraphs, the desired range that the metamaterial
subsystem is intended to be met is 0.2 < |𝜈| < 0.5. The maximum value of 0.5 is chosen because
the conventional Poisson s ratio value can t be greater than 0.5 for an isotropic material and it is
desirable that the two metamaterials have equal and opposite Poisson s ratio values. The
minimum value of 0.2 is chosen to provide an achievable range for this project.

3.3 - Design Description
The main components of the soft-bodied robotic crawler are the cylinders. The design
and manufacturing of the cylinders are vital in the successful locomotion of the crawler. The
main design considerations for the cylinders were the unit cell choice, wall thickness, outer
diameter, and material. All of these factors contributed to the horizontal and vertical locomotion
of the robot. The unit cells for each cylinder need to have equal and opposite signed Poisson s
ratios so it was vital to have a unit cell that could be easily tunable. The wall thickness impacted
the manufacturability of the design as theoretical calculations account for a negligible wall
thickness. This is discussed further in section 3.4.2. The friction between the outer diameter of
the cylinder plays an important role in the crawling motion of the robot. Our goal outer diameter
was 2.02 inches, resulting in a theoretical interference of 0.02 inches in a two inch round pipe.
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The difficulty in reaching this goal is addressed further in section 5.2.1. Lastly, the material
selection was essential to the compressibility of the cylinders. We tested many different materials
before settling on NinjaFlex by NinjaTek. This is covered further in manufacturing in section
3.7.

3.4 - Options and Trades
3.4.1 - Metamaterial Selection
The metamaterial blocks are critical in the locomotion of the robot. These metamaterial
blocks need to be able to grip onto the sides of the pipe in order to provide a dual clutch
locomotion system. In order to do this multiple metamaterial designs were considered. These
included a dual material unit cell, a metamaterial with attached friction pads, a standard
metamaterial cylinder, and a kirigami skin covering. Although each of these ideas showed
promise, it was important to determine which design was going to work best. In order to do this
each of the different options was rated on different criteria. These criteria included
manufacturability, durability, cost, weight, speed, locomotion and adaptation to change. Each of
these criteria was weighted so that the more important categories would carry more weight when
determining which design to choose. The different weights to each category can be seen below in
Table 5.
Table 5: Weighted factors for design matrix of the metamaterial subsystem options.
Manufacturability

20.00%

Durability

10.00%

Cost

10.00%

Weight

20.00%

Speed

5.00%

Locomotion

20.00%

Adaptation to Obstacles 15.00%
Total

100.00%

After this the different designs were scored in each of these categories from a scale of one
to five and were then compared. The kirigami skin as well as the friction pad both scored very
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low in the categories of durability. The kirigami skin received very low scores in the field of
locomotion due to poor performance in trials run by previous groups [6]. Additionally, the
friction pad received very low scores for adaptation to obstacles.
This essentially left two different options for the metamaterials. This was either between
a two-material design or a single material design. The two material designs would employ a
more elastic material at joints in order to allow easier deformations. In contrast the single
material design would only use a single material. Although both these designs scored very
similarly to each other as seen in Appendix C. The single material metamaterial was ultimately
chosen. This was due primarily to manufacturability. The manufacturing of our metamaterial is
one of the most difficult aspects of the proposed solution due to the fact that very complex
geometries must be 3D printed. Manufacturing the metamaterial with two different materials
posed many complex problems. For this reason, the final design uses the single material
metamaterial cylinder.
3.4.2 - Unit Cell Selection
The unit cell serves as the building block of the robot because the geometry is repeated
and greatly affects the robot characteristics and locomotion. As previously mentioned, the unit
cell geometr needs to be able to be easil manipulated for adjustable Poisson s ratio and
Young s modulus. The ph sical unit cell must be high porosit so that the robot is soft and
flexible. The repeated unit cell structure must have low mass density so that the robot is
lightweight and inexpensive. In addition, the unit cell must be easily manufactured so that both
the auxetic and conventional cylinder prototypes can be built despite COVID-19 restrictions.
Two options were seriously considered for the soft-bodied robot. The first option, the
periodic circular hole structure, is shown in Figure 9. The Poisson s ratio of this structure is
adjustable through increasing or decreasing the aspect ratio, which is the ratio of the major axis
to the minor axis of the ellipse shown in Figure 9. As the aspect ratio decreases, the effective
Poisson s ratio decreases and the structure becomes more auxetic in behavior. The structure has
the capabilit of being high porosit , but the Poisson s ratio is driven b ligament length,
meaning the area between orthogonal ellipses decreases to obtain auxetic behavior. The area will
then potentially get too small to effectively 3D print and the weight of the repeated structure will
crush the lower layers. The printing of this repeated structure for the cylinders will require high
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amounts of 3D printer filament to achieve printable, but low porosity, cylinders. This will
increase cost and time, while also increasing the weight and decreasing softness.

Figure 9: Periodic circular hole structure unit cell [12]. Used with permission.
The second unit cell option for the soft-bodied robot is a honeycomb structure. This unit
cell is shown in Figure 10. This unit cell alternates from auxetic to conventional through change
in the ligament length and the change in the inner angle depicted in Figure 10. The specific
relationship of angle to Poisson s ratio value in greater detail in Appendix H.

Figure 10: Auxetic (left) and conventional (right) honeycomb unit cell structure [13].
Used without permission.
There is a well-established honeycomb theory for this unit cell that explains the
properties and behavior of the shape. In addition, the unit cell also fulfills the design
requirements previously listed, with some concerns regarding manufacturing abilities pertaining
to potential overhang and wall thickness. Honeycomb theory, according to Gibson and Ashley,
contains equations for calculating the effective Poisson s ratio as
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𝜐=

𝑐𝑜𝑠 2 (𝜃
ℎ
+ sin(𝜃
𝑙

,

(5

𝑠𝑖𝑛(𝜃

where the honeycomb inner angle and arm lengths are explained in Figure 10 [13]. Honeycomb
theor also accounts for the effective Young s Modulus, which can be found through

𝑡 3
cos(𝜃
𝐸 = 𝐸𝑠 ( ) ∙
,
ℎ
𝑙
+ sin(𝜃 sin(𝜃
𝑙

(6

where 𝐸S refers to the material s Young s Modulus. Through manipulation of the variables seen
in Figure 10, the effective Young s Modulus and Poisson s ratio of the bod can be determined
using Equation 5. These equations are valid under certain conditions including small
deformations, symmetry of the body, and the thickness must be very small in comparison to the
length of the unit cell. The last assumption causes trouble as there are physical limitations due to
3D printing dictating the thickness to length ratio. It is worth noting that the thickness of the
walls does not affect the effective Poisson s ratio according to the hone comb theor . This stems
back to the assumption that the thickness is negligible in comparison to unit cell length. One
ofthe finite element analysis tests ran on the potential cylinders involved finding the ideal
thickness to length ratio for an acceptable effective Poisson s ratio value that would match theor
and physical.

3.5 Design Analyses
3.5.1 - Design Process
Through an iterative design process of theoretical calculations, finite element analysis,
and preliminary 3D printing, six cylinders were settled on to go through both physical testing and
additional finite element analysis testing. The theoretical calculations involved putting together
different combinations of unit cell variable dimensions and using Equations 1 and 2 to find the
resulting Poisson s ratio and Young s Modulus. The finite element anal sis done in the iterative
design process involved preliminar validation of the theoreticall calculated Poisson s ratios for
the unit cells by using an axisymmetric cylinder consisting of the repeated unit cells. The 3D
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printing completed in the iterative design process involved confirming if the CAD design of the
cylinders from the calculated variables was capable of being manufactured through 3D printing.
In this stage, various designs failed as a result of overhang or large spaces between unit cells. If
the cylinder printed successfully, the cylinder would be squeezed by hand for a quick check if
the prototyped seemed flexible enough for expansion and contraction.
Through the design process trial and error, it is evident that large unit cells are ideal,
which means less total unit cells in the cylinder because of the limited diameter of the 2 pipe. It
was also reali ed that the desired magnitude of Poisson s ratio for the theoretical calculations
should be between 0.5 and 0.85 because the hone comb theor doesn t account for an
axisymmetric body, and thus the real Poisson s ratio will be significantl less than the theoretical
value. This Poisson s ratio range is onl accessible through a smaller window of unit cell inner
arm angles, so the unit cell dimension combinations were limited as a result. In addition, an
equivalent Young s Modulus for the au etic and conventional c linders is desired so that the
robot would react the same to the stress, so in order to achieve this, the auxetic and conventional
cylinders have identical magnitude angles with equal but opposite outer and central arm lengths.
With these limitations in mind, the final six cylinders were designed. The specific dimensions of
the cylinders and specific unit cells that make the cylinders can be seen below in Table 6. It is
important to note that Table 6 references the variables that are defined in Figure 10 with the
value g referring to the vertical length through the center of the unit cell.
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Table 6: Dimensions of the six cylinders.
Cylinder

# unit
cells
revolved

“h” (in) “t” (in) “g” (in)

“l”
(in)

𝜃

AUX-32-2u

2

0.282

0.0157

CON-32-2u

2

0.141

AUX-32-1.4u

1.4

CON-32-1.4u

E (psi)

0.141

0.130

-32.77

-0.804

5.44

0.0157

0.282

0.130

32.77

0.804

5.44

0.386

0.0157

0.193

0.178

-38.04

-0.800

0.218

1.4

0.193

0.0157

0.386

0.178

38.04

0.800

0.218

AUX-38-0.7u

0.7

0.806

0.0157

0.403

0.327

-32.83

-0.544

2.12

CON-38-0.7u

0.7

0.403

0.0157

0.806

0.327

32.83

0.544

2.12

The CAD images of the cylinders sliced in half from a side view can be seen in Figure
11.

Figure 11: CAD image of six cylinders.
3.5.2 - Finite Element Analysis
In this stage of the project Finite Element Analysis was required to determine our unit
cell and best cylinders. The first was to determine the critical thickness we could use in our
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physical prototypes so that they could be thick enough to be printable, while simultaneously thin
enough to maintain the Poisson s ratio as determined b the theoretical calculations. The second
was on the cylinder prototypes themselves and served the purpose of testing to see how the
Poisson s ratio of the unit cell would translate into a completely revolved body. This would be
important in determining which cylinder would behave most like theory predicted.
One of the key assumptions made in the theoretical calculations is that the thickness of
the walls does not affect the Poisson's ratio. This is because in the theoretical calculations it is
assumed that the wall thickness, when compared to the size of the unit cell, is incredibly small.
This being said, we must be able to determine the maximum wall thickness of a unit cell without
it affecting the Poisson's ratio. This is critical for numerous reasons. The primary reason that this
relationship must be explored is because due to the nature of 3D printing, there is a limit on the
minimum wall thickness of which we can print. Through FEA, we were able to determine at
what ratio of wall thickness to unit cell size caused the Poisson's ratio to differ more dramatically
from the theoretical calculations. Essentially, we are relying on the finite element analysis to
dictate the thickness of the unit cell, which will then affect the overall dimensions of the
metamaterial cylinders.
For the purpose of checking the effect of thickness on the Poisson s ratio calculated from
FEA, the unit cell dimensions were not altered in the theoretical calculations, since thickness is
not included in the equation. In addition, the main focus was visualizing the effect of increasing
thickness rather than finding equal and opposite Poisson s ratios for the au etic and conventional
unit cells. That will occur later in the design process. Thus, an angle of |30| degrees was chosen
along with h = 7.08661 inches and l = 3.93701 inches based off the unit cells shown in Figure
10. The Abaqus models can be seen in Appendix Q. For reference, the theoretical calculations
for the au etic unit cell resulted in a Poisson s ratio of -1.154 and 0.652 for the conventional unit
cell.
The goal of Finite Element Analysis was to verify what the critical wall thickness would
be when the theoretical calculations no longer held. That way we could ensure and better predict
the behavior of our models when it came time for physical testing later in the process. Since the
equations that govern our models are based on the geometry of the unit cell, we determined that
it would be best to conduct our FEA on a unit cell model rather than the full 3D body of our
design. To give ourselves the ability to adjust the geometry of the unit cell, as well as other
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variables such as the applied displacement or the model s thickness, we created a Python script
that we could import into Abaqus to run the analysis. Two scripts were necessary, one for the
auxetic unit cell and another for the conventional unit cell. Both scripts can be found in
Appendix I and J, respectively.
One problem that was encountered in FEA simulations was constructing the Python
script. The script itself was difficult because it had to be parameterized in order to account for the
changing thickness. This challenge was overcome by running the code with breaks in order to
determine errors. One such error that was caught was that our theta value had to be input in
radians and not as degrees. This caused great geometry problems while creating the unit cell in
Abaqus.
In the setup of the tests, two boundary conditions remained constant while the thickness
was altered to see its effect on the effective Poisson s ratio of the model. The unit cell s bottom
edge was fixed in place. In contrast, a displacement of 0.01 inches was applied to the top edge.
Such a small displacement was necessary to maintain the integrity of the model to achieve
accurate effective Poisson s ratios. This also allowed an abilit to neglect failure or critical
points because the load experienced by the model will not come close to creating failures. The
material in use was given a Young s Modulus of 1,450,377.377 psi and a Poisson s ratio of 0.3,
based off values suggested by our advisors. The mesh was created using a seed size of 0.07 with
triangular elements. Several larger seed sizes for the mesh were tried, but it was determined that
a finer mesh would be necessary to achieve greater accuracy. Furthermore, it was decided that a
triangular element would be better due to the proximity of its nodes and past experience in which
the triangular elements yielded better results. The dimensions between the two types of unit cells
were made to be the same, as to yield more comparable results between the types of unit cells. In
reference to Figure 10 above, h = 7.08661 in, l = 3.93701 in, and theta = 30°. These dimensions
were kept constant throughout all tests, while the thickness, t, was varied from 0.01 to 1.6
inches.
After the scripts were run numerous times for different thicknesses, it was possible to
calculate the effective Poisson's ratio for each unit cell for varying wall thicknesses. The
effective Poisson s ratio was determined b using data from a field output in Abaqus. The lateral
strain was calculated by dividing the lateral displacement by the original unit cell width. This
lateral strain was then divided by the applied axial strain in order to determine the effective
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Poisson s ratio. Ne t, we were able to plot the theoretical Poisson's ratio vs. wall thickness.
Finally, each Poisson's ratio that was calculated using FEA was plotted with respect to its wall
thickness. These results can be seen in Figures 12 and 13 below.

Figure 12: Comparison of theoretical Poisson's ratio values (Blue) plotted alongside FEA
results (Orange) for varying wall thicknesses for a conventional unit cell design.
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Figure 13: Comparison of theoretical Poisson's ratio values (Blue) plotted alongside FEA
results (Orange) for varying wall thicknesses for an auxetic unit cell design.
In comparing these two graphs it is possible to generalize the trend that we see occurring.
For very thin wall thicknesses the Poisson's ratio behaves consistently. Although it does not
exactly match the theoretical value, it does remain somewhat constant. This being said, as the
wall thickness begins to get larger, the Poisson's ratio determined by the FEA begins to trend
away from the theoretical value. We determined that the thickness at which the FEA results
began to dramatically trend away from the theoretical value occurred at a wall thickness of
approximately 0.4 inches for both the auxetic and conventional unit cell.
Although the 0.4 inch wall thickness was determined to be the critical thickness before
the effective Poisson's ratio became affected by it, this result only holds for the chosen unit cells.
In order to make our results more applicable for different unit cell sizes, we divided the critical
wall thickness by the height of the unit cell. This gave us a ratio of wall thickness to unit cell
height that we cannot exceed in our metamaterial design. This ratio of wall thickness to unit cell
height, h, was found to be 0.056.
These simulations allowed us to determine the relationship wall thickness had on the
Poisson s ratio of a conventional and au etic unit cell. This relationship then allowed us to
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determine an effective unit cell size moving forward in our project. The results show that we
must not create a unit cell with a wall thickness to unit cell height ratio greater than 0.056.
Abiding by this ratio, our plans then included creating a two-dimensional sketch of multiple unit
cells equally spaced and running axisymmetric FEA. The axisymmetric FEA used to verify a
two-dimensional sketch revolved 360° around an axis of revolution to create a cylinder. The
axisymmetric data will then be compared to theoretical calculations and eventually the
compression testing of a physical model.
Once the models were created in SolidWorks the next step was to perform FEA on each
of the six different cylinders in order to determine the effective Poisson's ratio. This is critical
because we wanted to confirm that the cylinder designs had Poisson's ratios that were similar to
what the theoretical calculations predicted. We needed this information so that we could
understand how the c linders would perform once manufactured. The Poisson s ratios of the
auxetic and conventional cylinders also still needed to be equal and opposite, so we wanted to
verify that this held true in a revolved model.
The setup of the FEA was very important because it allowed us to get very accurate
results. Using the software Abaqus, multiple simulations were set up and run. Each simulation
was run using CAX6M - 6-node modified quadratic axisymmetric triangle - elements. Each of
these elements had an approximate global seed size of 0.025, though varied slightly from design
to design depending on the geometry. In order to model the geometry of the metamaterial
cylinders, axisymmetric modeling was used. As opposed to the 3D models created in
SolidWorks, axisymmetric models allowed us to obtain a tighter mesh without using as much
computing power, resulting in more accurate results and shorter run times. Boundary conditions
and loads were also implemented which are consistent with the physical conditions the cylinders
will experience in the physical world. The bottom edge of the model was fixed in the vertical
direction in order to avoid rigid body movements and a downward, vertical pressure was applied
to the top face of the metamaterial cylinder. Two simulations were run on each model, one with a
pressure of 10 psi and another with a pressure of 20 psi. From there, using the Query function in
Abaqus, we were able to determine both the axial and lateral strain to calculate the effective
Poisson's ratio. One important thing to note is that additional material was added to the top of the
metamaterial cylinder, as can be seen in Figure 14. The purpose of this extra material was to act
as a rigid body and allow for a uniform application of the applied pressure. Without this block,
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the pressure would have caused nonuniform compression throughout the cylinder. Primarily, the
top cells would experience larger deformations while the bottom cells would experience little
deformation at all. This mimics the physical loads the printed models will experience, as in
operation the cylinder will feel a force generated by the actuator. This force acts through the
endcap of the actuator and onto the top of the cylinder. Thus, the added material at the top of the
cylinder model is used to represent the end cap that is present during operation and which will
apply the pressure uniformly to the cylinder.

Figure 14: Axisymmetric simulation set up that was used on all of the metamaterial
cylinders.
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After running numerous simulations, we were able to determine the effective Poisson's
ratio for each of the different metamaterial cylinder designs. The results can be found in Table 7
below.
Table 7: Effective Poisson's ratio for six cylinders.
Part name

Effective Poisson's ratio 10 psi

Effective Poisson's ratio - 20
psi

Theoretical
Poisson s ratio

AUX-32-2u
REV 1
CON-32-2u
REV 1
AUX-32-1.4u
REV 2
CON-32-1.4u
REV 2
AUX-38-0.7u

-0.456

-0.456

-0.804

0.451

0.455

0.804

-0.725

-0.727

-0.800

0.814

0.799

0.800

-0.427

-0.428

-0.544

CON-38-0.7u

0.554

0.551

0.544

As one can see from the chart, there is a clear relationship between the effective Poisson's
ratio and the theoretical Poisson's ratio for the AUX-32-1.4u REV 2, CON-32-1.4u REV 2,
AUX-38-0.7u, and CON-38-0.7u. This can be attributed to the fact that these designs do not
contain more than two full unit cells in their cross section and therefore are less constricted when
revolved in a 3D circle. In contrast AUX-32-2u REV 1 and CON-32-2u REV 1 were both closer
to zero than the theoretical value. Both were off by more than 0.3 in every simulation. Although
one could see this as a failure, these results are actually rather promising. These results are
further supported by the paper by Yang, where it is determined that 3D revolved metamaterials
with more than two unit cells will have a Poisson's ratio closer to zero than the theoretical value
[14]. Although the results of AUX-32-2u REV 1 and CON-32-2u REV 1 were not similar to our
theoretical value, they did have Poisson's ratios that had similar magnitudes.
The primary takeaway from these tests is that we have potentially two viable sets of
c linders in the 1.4 unit cell and 0.7 unit cell sets. Both sets had Poisson s ratios similar to what
the theory predicted and, in turn, each auxetic and conventional cylinder had a similar Poisson s
ratio to their corresponding pair.
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3.5.4 - Physical Testing Setup
After running finite element analysis, it was time to test the six physical cylinders to
determine how well their real Poisson s ratio values would match the theoretical and FEA
results. In order to perform this testing, our team needed to get creative as we were unable to
physically enter any of the labs on campus due to COVID-19. The best wa to find the Poisson s
ratio with the limited resources at our disposal was through compression tests. By applying the
same amount of compression force to each cylinder and analyzing the cylinders response with a
camera, we were able to determine the amount of axial and radial displacement that occurred,
allowing us to calculate the Poisson s ratio. In order to run these compression tests without lab
equipment we constructed a homemade compression testing machine that is pictured below in
Figure 15.
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Figure 15: Homemade compression test setup with no weights (left) and with a 2 kg
load applied (right).
The compression test machine was built by screwing two 2x4 pieces of wood vertically
into a wooden plank. These vertical walls were used to stabilize the 1 kg square weights that we
were able to borrow from the civil engineering lab. A wooden block was placed between the
cylinders and the plates to ensure that the compressive load was evenly distributed across the top
face of the cylinder. Each cylinder was placed in the same marked position throughout all six
tests.
Each of the six tests were conducted with the exact same protocol. A camera was set up
in a consistent location to obtain video footage of the cylinder being compressed. This video
footage would then be analyzed using Kinovea software to determine the Poisson's ratio [15].
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Kinovea is a free sports analysis software that has a feature which allows you to effectively
measure distances within a video clip. Each test began with just the wood block on top of the
cylinder as shown in the left image of Figure 15. The next step was to place the 1 kg square
plates one at a time on top of the block. The test was completed once all five plates were stacked
on top of one another.
Once all six compression tests had been completed, it was time to analyze the recorded
video footage in order to determine the Poisson s ratio of each ph sical c linder. This was done
through the use of Kinovea software. Two screenshots of the process we used are shown below
in Figure 16.

Figure 16: Screenshots from video analysis in Kinovea software.
The first step was to calibrate our video image so that Kinovea could relate the pixels of
the image to physical units. The way we calibrated the image was by physically measuring the
distance between the front edges of the two wooden planks and then entering this measurement
into Kinovea for each test as our calibration measurement. The image on the left in Figure 16
above shows a screenshot of our setup in Kinovea before any weights were added. The
calibration measurement can be seen inputted at the bottom as 4.05 inches. The initial height and
diameter of the cylinder were also recorded before any weight was applied.
Once the calibration and starting measurements were inputted, the axial and radial
displacement of the cylinder were recorded after 2 kg of weight was applied and then again when
all 5 kg were applied. This was done by pausing the video and measuring the distance between
our starting lines and the new lines that were drawn after each force was applied. The image on
the right in Figure 16 above shows a screenshot of the measurements of one of the samples under
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2 kg of weight. This measuring technique remained consistent throughout all six tests to ensure
as accurate results as possible. Once all the measurements were taken, they were recorded in an
E cel spreadsheet where the Poisson s ratio was calculated.
3.5.5 - Physical Testing Results

Figure 17: Physical, FEA, and anal tical results for Poisson s ratio of our si c linders.
The Poisson s ratio from our ph sical tests is plotted against both our anal tical and FEA
results in Figure 17. For the data on this graph we plotted the testing results we got from 0-2 kg
as this weight range gave us the best results and is closest to the real force the actuator will be
producing. As shown in the graph above, our physical test results had a significantly smaller
Poisson s ratio than our FEA and anal tical results. The biggest reason for this difference was
the challenges we faced with manufacturability. Although these six cylinders were the best of
our prints, they still had flaws as their unit cells did not come out as perfectly as we had hoped.
One major positive we took from this test is that all of our auxetic cylinders had a negative
Poisson s ratio and nearl all of our conventional c linders had a positive Poisson s ratio with
the exception of the conventional 0.7 unit cell. However, the conventional 0.7 unit cell was least
likely to provide good data as it had the most flaws due to printing and began to split apart
during testing. The c linder with the best au etic and conventional Poisson s ratio was our 1.4
unit cell prints. This was great to see because the conventional and auxetic 1.4 unit cell prints
were the best prints of the six cylinders and held together successfully throughout testing.
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From our physical testing we were able to determine that the obvious choice for the unit
cell design was the 1.4 unit cell. This final Poisson s ratio was 0.13 for the conventional c linder
and -0.19 for the auxetic cylinder. Now that the final unit cell had been selected, the next step
was to move forward with these cylinders and begin in the pipe testing to determine the
necessary amount of interference they will need to successfully achieve locomotion.

3.6 - CAD Drawings
The Solidworks CAD drawings of both the auxetic and conventional cylinder are pictured
in Figure 18 and 19 respectfull . A tolerance of 0.02 was set for both c linders as that is slightl
more than one extrusion width of a 0.4mm printer nozzle on the Prusa i3 MK3S that was used
for printing the cylinders. The c linders are both 2.03 in diameter and 1.51 tall. They are both
made from NinjaTek NinjaFlex whose properties can be found in Appendix K.
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3.6.1 - Auxetic Cylinder

Figure 18: Auxetic cylinder SolidWorks CAD drawing.
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3.6.2 - Conventional Cylinder

Figure 19: Conventional cylinder SolidWorks CAD drawing.
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3.7 - Manufacturing
The manufacturing of our cylinders was the most difficult and unpredictable part of this
project. To create the cylinders discussed throughout this report, we considered multiple options
for manufacturability, but settled on using 3D printers, as they were the best option to create the
complicated geometries inside our cylinders. We researched various types of 3D printers such as
Fused Deposition Modeling (FDM) and Stereolithography (SLA). FDM is the most abundant
type of consumer 3D printer and works by extruding thermoplastic filaments such as Polylactic
Acid (PLA) through a heated nozzle, melting the materials and then building the part up layer by
layer. However, SLA is much different in that it uses a laser to cure a liquid resin into a hardened
plastic in a process called photopolymerization. SLA is able to produce parts with greater
tolerances and detail than FDM, however, in some cases such as ours, is more difficult to use. [3]
All of the 3D printing for this project was done through the Santa Clara University Maker
Lab. A full outline of their printer capabilities can be found in Appendix B. From the Maker Lab,
the Prusa i3 MK3S and the FormLab Form 2 were solely used based on the materials available.
The majority of the cylinder printing was performed the Prusa i3 MK3S using a variety of
materials. First iterations in the fall and winter were done on the Prusa in TPU and can be shown
in Figure 20. These prints gave us physical proof of the behavior of auxetic and conventional
materials
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(a) Auxetic Metamaterial.

(b) Conventional Metamaterial.

Figure 20: 3D printed two dimensional models of metamaterials. Both are based on the
honeycomb re-entry unit cell designed and modified to give desired properties of auxetic (a)
and conventional (b). Printed in TPU in Prusa i3 in SCU Maker Lab.
After the initial prints during fall quarter, cylinders were designed in Solidworks with a
similar cross section than that depicted in Figure 20. Throughout winter quarter, there were many
challenges with determining the best way to print the complicated geometries of the auxetic and
conventional cylinder. Figure 21 highlights a few of the more than thirty options tested to get a
successful print.

49

(a) Initial PLA print of half cylinder on
Prusa.

(b) Cross section print on FormLab Form
2 in Flexible resin.

(d) Auxetic cylinders printed in NinjaFlex
TPU.

(c) First successful auxetic cylinder in TPU.

Figure 21: Various trials of 3D printed prototypes.

The entire fall quarter was spent identifying the best way to print the cylinders.
Eventually the team discovered that the cylinders are printed best vertically on the Prusa, but
remained too stiff. Originally, a standard white Thermoplastic Polyurethane (TPU) was used, but
it was soon discovered that the material was still too stiff. NinjaFlex by Ninja Tek was then
tested and proved to be a much more viable option.
As discussed earlier, the team designed three pairs of cylinders to test through theoretical
calculations to be tests on in FEA, manufacturability, and physical testing. The six prints were
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designed to be 2.04 in diameter and close to 1.50 tall. The cylinders printed were the 0.7, 1.4,
2.0 unit cells. Note that the name of the unit cells refers to the number of unit cells in a radius of
the cylinder as the cross section was revolved in CAD. The six physical prints are shown in
Figure 22.

Figure 22: Physical prints of cylinders. (L:R) conventional 1.4, auxetic 2.0,
conventional 1.4, auxetic 1.4, conventional 0.7, auxetic 0.7.

The printing of the three pairs of cylinders helped the team identify which printed most
consistently and had adequate compressibility. The 2.0 unit cell design theoretically had the
highest Poisson s ratio of the three pairs, but printed inconsistently and was the least
compressible. The 0.7 unit cell design was the least weight and most compressible, however they
printed the worst due to the large spans of over hang on the interior of the unit cells. This left the
team with the 1.4 unit cell design. The 1.4 design had the best balance of consistent printability
and adequate compressibility. With this, the physical testing and FEA results in mind, the 1.4
unit cell design was chosen to as the final unit cell design.

3.8 - Verification Data
In order to ensure that we were able to successfully complete our finite element analysis
and that our results were accurate, we needed to verify that our simulation setup and testing
process was correct. To do this we referenced a paper from Grima [16]. In this paper, 2D sheets
of both conventional and auxetic metamaterials were created in ANSYS using hexagonal unit
cells similar to our own. The work done in this paper was meant to prove that the theoretical
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calculations could be accuratel reproduced in simulation. The sheets material was given a
Young s Modulus of 10 GPa and Poisson s ratio of 0.3. It was also given an arm thickness of 0.2
inches. Each of these parameters were duplicated in our own tests. The sheets were then
subjected to a 0.5% engineering strain, and the deformation was recorded at the center unit cell
to minimize the edge effects. Edge effects are not accounted for in theoretical calculations, but
essentially they are the limitations of physical models to recreate the behavior which theory
dictates. The unit cells at the edges of an model tend to demonstrate Poisson s ratios much
lesser than anticipated due to the difference in boundary conditions because they are not fully
surrounded by other unit cells as they would be in an infinite plane.
We created identical 2D sheets in our own analysis software Abaqus, gave them the same
material properties, the same element type, and subjected them to identical loads. If our
simulations were able to recreate their results accurately, then we could be confident that our
testing methods were accurate, and we could continue on to test our other models knowing that
the data we were achieving was accurate. After several trials filling in for simulation parameters
not specified in the paper, we were able to successfully recreate their results. This gave us the
confidence that all of our future tests are done properly and the data and results we achieve can
be trusted as true.
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Chapter 4 - Subsystem: Actuator
4.1 - Introduction
The actuator is the power source for the soft-bodied robot. Without a functioning
actuator, the robot will not move and thus could not perform an adequate pipe inspection. The
general design of the soft-bodied robot involves two cylinders and an actuator of some form
connecting the two cylinders. Due to the fact that the current scope of this project only involves
straight pipes, the robot only needs to be able to move along a straight path, and thus a linear
actuator is employed. The linear actuator chosen for the final prototype are pneumatic bellows
connected to tubing and a syringe.

4.2 - Role and Requirements
4.2.1 - General Requirements
The main goal for this subsystem is to successfully power the forward movement of the
cylinders inside of the pipe. In order to achieve this, the actuator must be able to exert enough
force to overcome the pipe interference. In doing so, the actuator must be able to expand and
contract linearly in order to apply equal force to the conventional and auxetic metamaterial
cylinders. The actuator must be soft-bodied so that the whole robot is truly soft-bodied and will
not damage the interior of the pipe. The actuator being soft-bodied will also aid the robot in
being able to overcome small obstacles or imperfections in the pipe. The actuator must be
inexpensive so that the cost of the robot is low and serves as a more economically attainable
robot in comparison to the inspection robots currently used. Lastly, the actuator must be
relatively simple so that it is manufacturable within COVID-19 restraints.
A pneumatic bellows linear actuator works by creating a vacuum tight chamber inside
of rubber bellows that can expand and contract through the motion of pushing air in or pulling it
out. Our actuator s design can be broken down into three parts that will come together to create
the final assembly.
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4.2.2 - Working Principle
The pneumatic bellows linear actuator works by creating a vacuum tight chamber inside
of neoprene rubber bellows that can expand and contract through the motion of air entering and
exiting. The capabilities of the actuator involve powering the robot and allowing forward
movement within the pipe. The force exerted from the pneumatic bellows is evenly distributed to
the cylinders via the flat end cap connection. The hand pump and syringe system allow for
precise control over the applied force.

4.3 - Options and Trades
The linear actuator is critical in the locomotion of the soft-bodied robot. The actuator
provides the force for the robot to successfully move through the pipe. Due to the project goals
laid out earlier it was critical that the actuator to be soft-bodied as well. In order to determine
which actuator to use, multiple different options were chosen and compared to one another.
These included a pneumatic bellows actuator, a mechanical actuator, a dielectric actuator, a
linear peano actuator, and a torsional actuator. Although each of these ideas worked in theory, it
was important to determine which design was going to be the most successful. In order to do
this, each of the different options was rated on different criteria. These criteria included
manufacturability, durability, cost, stroke length, body length, force, weight, speed, locomotion,
adaptation to obstacles, and feasibility of its untethered abilities. Each of these criteria was
weighted so that the more important categories would dictate which actuator option would be
employed in the soft-bodied robot. The different weights to each category can be seen below in
Table 8.
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Table 8: Weighted factors for design matrix of the actuator subsystem options.
Criteria

Factor

Manufacturability

15.00%

Durability

5.00%

Cost

7.50%

Stroke Length

5.00%

Body Length

5.00%

Force

10.00%

Weight

15.00%

Speed

5.00%

Locomotion

15.00%

Adaptation to Obstacles

12.50%

Feasibility of Untethered

5.00%

Total

100.00

Each of the different actuator designs were scored in each of these categories from a scale
of one to five and were then compared. The dielectric and torsional actuator both scored very
low on manufacturability as well as stroke length. The linear peano actuator also performed
poorly when compared to other actuator options this was in large part due to the stroke length
and locomotion scores that it received. The complete scoring of the different actuator options can
be seen in Appendix C.
Based off of the combined scores for each actuator option it was possible to narrow down
the options to a singular design. The two options that scored the highest were the mechanical
actuator and the pneumatic bellows. Each option had their own respective strengths. The
mechanical actuator can output more force than the pneumatic bellows. This being said the
pneumatic bellows were made mostly of compliant materials, and thus was more in line with the
goal of keeping the robot soft-bodied. Due to the fact that one of the project goals was to keep
the robot soft-bodied the pneumatic bellows actuator was a better option. Ultimately, we chose to
use the pneumatic bellows because they fit with our design goal of keeping the robot soft-bodied.

4.4 - Detailed Design
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This design uses a handpump in order to power linear actuation. This handpump is used
to change the pressure within the system which in turn expands or compresses the actuator itself.
This ultimately powers the actuator. Due to the fact that the syringe is detachable from the
pneumatic bellow, this piece of equipment is not showcased in the detailed drawings. However,
the complete actuator system can be seen fully constructed in Figure 23.

Figure 23: Complete actuator construction.
The actuator tubing connects to a syringe, which serves as a hand pump to power the
soft-bodied robot. This syringe was purchased from Amazon. The back end of the pneumatic
bellow actuator is epoxied to the conventional end cap. The front end of the pneumatic bellow is
epoxied to the auxetic end cap while the back end of the pneumatic bellow is epoxied to the
conventional end cap. The tubing will go through the hole in the center of the conventional
metamaterial cylinder. The exploded view of the actuator assembly drawing can be seen in
Figure 35 The actuator consists of six rubber vessels purchased from McMaster-Carr for the
bellows. Due to the fact that this piece is purchased, there is no detailed drawing included in the
proposal, but the overall design can be seen in Figure 30. The pneumatic bellows are 9/16 inches
while compressed and 2 ¼ inches while in extension. The outer diameter of the bellows is 1 1/16
inches.
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The end caps were designed in Solidworks polylactic acid (PLA). The detailed drawings
for the conventional and auxetic end cap are shown in Figure 31 and 32. Despite the various
restrictions of COVID, the team was able to successfully design and manufacture the actuator
assembly. The Maker Lab at Santa Clara University was able to take our CAD files and detailed
instructions and print the desired pieces. Then, we obtained the separate parts and constructed the
assembly using epoxy to join the different components together.

4.5 - Design Analysis
4.5.1 - Physical Testing Setup
Testing of the pneumatic bellows actuator had to be conducted at home with limited
materials due to the restrictions of COVID-19. The primary goal of the actuator testing was to
ensure that it would be functionable and that its construction was durable. The main focus was to
determine how much force the actuator could generate before failing. Due to the design of the
crawling robot, the actuator needs to be able to produce both pushing and pulling forces. In order
to measure the pulling force, we needed to obtain a force meter. We were fortunately able to
borrow a small-scale force gauge from the mechanical engineering lab on campus. The force
gauge that was used is the Zebco Deliar 228 and pictured below in Figure 24.

Figure 24: Zebco Deliar 228 force gauge used for actuator testing.
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This basic force gauge allows for measuring pulling forces from 0 to 28 pounds in half
pound increments. In order to utilize this force gauge, we had to create a system that could
stabilize both the gauge as well as one side of the actuator. Once again, we had to get creative
with our setup as we onl had basic household items available to us. We used a 2 6 piece of
wood and screwed the force gauge into position. Next, we screwed L-brackets into the wood to
secure one of the end caps from being pulled in the direction of the force gauge during testing.
The L-brackets were very useful as they were thin enough to not interfere with the bellows and
they also allowed the actuator to be slightly suspended off the wood so we would not need to
worry about friction interfering with our tests. In order to connect the other end cap to the hook
of the force gauge, we utilized a shoelace. The shoelace was tied around the endcap so that it did
not interfere with the bellows and it provided equal pulling force on both sides of the cap. The
entire test setup is shown below in Figure 25.

Figure 25: Pulling test setup.
Similar to the pulling test, we needed to create a test setup that could determine the
amount of force the pneumatic bellows could push. We used the same L-brackets as were used in
the tension tests to secure one side of the actuator. A precision kitchen scale was placed opposite
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the L-brackets and measured the amount of force outputted by the actuator. Figure 26 below
displays the pushing test setup.

Figure 26: Pushing test setup.
4.5.2 - Physical Testing Results
After conducting the tests, we were able to verify the actuators construction as well as
discover some of its modes of failure. The actuator held up extremely well throughout each of
the tests. The epoxy did not come loose, and the bellows held their airtight seal the entire time. In
the pulling test, the actuator was able to generate 2.1 lbs of force before failing. The equivalent
pressure that the actuator will output on the cylinders is 1.19 psi. This value was found by
dividing the force of the actuator by the area of the end caps. The failure mode in this test came
after a few seconds when the rubber bellows imploded on themselves because the internal
pressure became too great. Several trials were run pulling back the handle of the syringe at a
different speed each time. The bellows failed by collapsing the same way every time a force of
2.1 lbs was reached. Figure 27 below shows the rubber bellows imploding during the pull test.
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Figure 27: Pneumatic bellows imploding during pull test.
The pneumatic bellows actuator performed better in the push test than it did in the pull
test. The actuator was able to achieve a maximum force of 4 lbs when pushing against the scale.
The equivalent pressure that the actuator will output is 2.26 psi. The failure mode in this test
occurred after the bellows stopped pushing linearly and buckled to one side.
4.5.3 - Theoretical Pressure Limits
According to the physical testing explained in section 4.5.1 and 4.5.2, the point of failure
with the actuator in complete tension occurred at a pressure of 2.26 psi. The actuator failed due
to elastic collapse. After obtaining the failure pressure, it was important to find if the pressure
needed to provide 10% strain of the cylinders would result in failure. The value of 10% was
chosen as the desired strain for preliminary calculations, because it would be a noticeable strain
but still small enough to fulfill the honeycomb theory assumption of small deformations. Instead
of relying on the physical test done, the theoretical values of elastic collapse pressure, P EC , and
burst pressure, PB , were calculated through use of Equation 7 and 8 below. These equations are
derived the original pressure in a pipe equation shown in Equation 2. The burst pressure was
another potential concern for failure. While this was an unlikely mode of failure according to the
physical testing on the actuators, this value was calculated anyways to see the theoretical
maximum pressure that could be applied. The theoretical values were used instead of the
physical testing value in order to account for the potential inaccuracies of the make-shift testing
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set up because lab availability was limited due to COVID-19. As previously mentioned theelastic
collapse pressure is found through

𝑃𝐸

𝑡 3
= 2𝐸 𝐷 2 ,
(1 − 𝜐

(7

where E is the rubber Young s Modulus, t is the bellow thickness, D is the average bellow
diameter, and 𝑣is the rubber Poisson s ratio. In addition, the burst pressure is found through
𝑇(𝑥 2 − 𝑦 2
𝑃 = 2𝐸
,
𝑥2
𝑦 2 (1 + 2 )
𝑦

(8

where T is the yield strength of the bellows, x is the average outer radius of the bellows and y is
the average inner radius of the bellows. Both Equations 7 and 8 are for a cylinder of constant
diameter, but our actuator is a cylinder of alternating diameter. In order to simplify the
calculation, the average diameter of the bellows was used. Both Equations 7 and 8 used the
properties provided by McMaster Carr for the rubber bellows.
The resulting elastic collapse pressure is 0.0594 psi, which is concerning small. The
resulting burst pressure was 437.28 psi, which is very high. In comparison to the burst pressure,
it is evident that the actuator should fail through elastic collapse before burst. The detailed
calculations are given in Appendix L.
Using Equation 9 which describes the Young s Modulus,
𝜎
𝐸= ,
𝜀
where 𝜎 is the stress and 𝜀 is the strain, the pressure needed to result in 10% strain of the
cylinders can be calculated. For the six cylinders in question, the effective Young s Modulus
value fromTable 7 was used and simply multiplied by 0.1 for the desired 10% strain. The
resulting values can be seen below in Table 9.
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Table 9: Pressure Values for 10% Strain of Six Cylinders.
Cylinder:

Aux-38-.7u

Con-38-.7u

Aux-32-1.4u

Con-32-1.4u

Aux-38-2u

Con-38-2u

Pressure:

0.0218

0.0218

0.212

0.212

0.544

0.544

As shown in Table 9, the pressure required for the desired strain is only under the
theoretical collapse pressure value, as denoted with the green font, in the case of the 0.7 unit
revolved cylinders. Both the 1.4 unit and 2.0 unit revolved cylinders have pressures above the
calculated limit of 0.0594 psi. However, all three pairs of cylinders are under the physical
pressure limit of 2.26 psi.
As a result of these findings, it was determined that work will continue with the
pneumatic bellows to see if they are capable of moving the cylinders in the pipe.
4.5.4 - Finite Element Analysis - Pressure to Overcome Interference
The relationship between the applied pressure and the radial displacement needed to be
determine so that we could determine how much pressure it would take to deform the cylinders
enough to overcome the interference with the pipe. This information was critical in the actuator
selection process because before the actuator could be selected, we needed to know how much
pressure was required for it to produce.
The final six cylinders of the project were tested at 5, 10, 15, and 20 psi. The test setup
for these simulations was kept identical as in the tests conducted in section 3.5.2, with identical
material properties, boundary condition and load setup. The resulting radial deformation for each
pressure - 5, 10, 15, and 20 psi - was graphed in Figure 28. Looking at Figure 28, the simulations
predict radial deformations upwards of 0.75 inches. We understand that this level of deformation
is infeasible, but for the deformation required to overcome the 0.02 inch interference between the
pipe and the cylinder, we believe that this relationship will hold true.

62

Figure 28: Plot of axial displacement versus applied pressure for the six cylinders
shown in Figure 22.
Therefore, now that the relationship between pressure and radial deformation could safely
be concluded as linear, the values to determine the necessary pressure to overcome the
interference of 0.02 inch diameter interference, or 0.01 inch radial interference, could be
extrapolated. The equation of a line for each of the si c linders data was calculated and set
equal to -0.01 to determine the pressure needed to provide that deformation in radius. -0.01 is
used and not -0.02 because the way the values were measured in Abaqus for one half of the
cylinders knowing that, due to its axisymmetric nature, the deformation would be identical on the
other side. Therefore, using -0.02 as the input in this equation would yield pressures required to
overcome an unnecessary 0.04 inch interference. Additionally, this value was set as a negative
value because, based on the orientation of the axes, a positive value would press the cylinders
further outward into the inner wall of the cylinder rather than bring it inward as intended. Note
that for the conventional cylinders, a negative pressure was given by the calculations because a
tension force is required to cause it to shrink in diameter. However, the magnitude of this
pressure is used in Figure 29 to better compare the magnitude of the required pressures.
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Figure 29: The maximum necessary pressure to overcome the radial interference of the
metamaterial cylinders.
In this plot it can be seen that each of the auxetic cylinders required a larger applied
pressure than their conventional counterparts. This tells us that the actuator will need to produce
a greater compressive pressure than a tension pressure.
It is important to note that not all models created have an interference of 0.02 inches due
to manufacturing errors and limitations, but none have an interference greater than 0.02 inches.
Furthermore, this pressure is calculated as the pressure needed for complete separation from the
pipe. In reality, a lesser pressure will be required to reduce the normal force the cylinders apply
to the pipe. Therefore, we accept the pressures calculated as the maximum pressure the system
would ever need to apply to the cylinders. As shown in Figure 29, the largest pressures needed is
1.09 psi for the Auxetic 1.4 Unit Cell model. This value is important as we select the final
actuator going forward, as it had to be able to exert the amount of force corresponding to this
pressure.
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4.6 - CAD Drawings & Layout
The SolidWorks CAD drawings can be seen in Figures 30, 31, 32. The two end caps were
created in SolidWorks by Andrew Boyle and the actuator file was downloaded from McmasterCarr.
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4.6.1 - Actuator CAD Drawing

Figure 30: Actuator CAD Drawing.
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4.6.2 - Auxetic End Cap Drawing

Figure 31: Auxetic End Cap Drawing.
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4.6.3 - Conventional End Cap Drawing

Figure 32: Conventional end cap drawing.
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Chapter 5 – Systems Integration, Test and Results
5.1 - Final Assembly
The final robot consists of two metamaterial cylinders connected to a pneumatic bellow
actuator by two neoprene end caps. The final robot is 6.27 inches long at rest and weighs 4.05
ounces. The outer diameter of the auxetic cylinder is measured to be 2.017 inches, while the
outer diameter of the conventional cylinder is 2.007 inches. The diameters differ by 0.01 inches,
and this difference allows for the successful movement of the robot. This is because the effective
Poisson s ratio for the au etic c linder is -0.19 and the conventional cylinder has a value of 0.13.
This difference in Poisson s ratio results in a higher pressure needed for the conventional
cylinder to overcome the same interference as the auxetic cylinder. With a smaller conventional
cylinder diameter, the robot successfully moves within the pipe as a result of the force from the
pneumatic bellows. An image of the final robot can be seen in Figure 33.

Figure 33: Final soft-bodied robot with bellows linear actuator.
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5.1.1 - CAD of Final Model
Figure 34 shows the Solidworks drawing of the final model.

Figure 34: Exploded CAD model of final model.
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5.2 - Manufacturing
5.2.1 - Varying Outer Diameter
After selecting the 1.4 unit cell as the final design for both the auxetic and convention
cylinders, an inconsistently was noted between the CAD and physical printed cylinders. Since
the physical cylinders relay on the friction between the interior of the pipe and the outside of the
cylinders, this was vital to the crawling motion of the robot. The physical cylinders were
consistently printing with a smaller outer diameter than the designed CAD models. To classify
this average deviation, the outer diameter of 17 cylinders were measured. The plot of the 17
different cylinders and their designed and actual diameters can be seen in Figure 35.

Figure 35: Plotted values of intended cylinder outer diameter designed in CAD
compared to the actual 3D printed diameter.

From this data, the average deviation of the auxetic cylinders was 0.98% and 1.67% for
the conventional. News cylinders were then designed in CAD accounting this deviation to get the
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desired outer diameter of 2.02 . In realit , the c linders printed withing 0.01 of each other. The
final dimensions of the cylinders are summarized in Table 10.
Table 10: Final Cylinder Dimensions.
Cylinder

Outer Diameter (in)

Height (in)

Ph sical Poisson s
Ratio

Auxetic 1.4 Unit
Cell

2.017

1.51

-0.19

Conventional 1.4
Unit Cell

2.007

1.51

0.13

The outer diameters and ph sical Poisson s ratios were not exactly equal and opposite,
but this was the closest to actual values the team could get to.

5.3 - Testing in the Pipe
5.3.1 - Testing Setup
The most essential piece of equipment needed to test the final robot was a pipe with an
inner diameter of 2 inches. We chose to utilize a clear acrylic tube for our pipe as this allowed us
to see through the pipe in order to analyze the robot's behavior inside. The same experiment
setup was used throughout every test. Our pipe was secured between L-brackets on a sheet of
plywood so that it could be oriented either horizontally or vertically without moving. A large
sheet of ¼ inch grid paper was glued to the plywood directly behind the pipe. This grid paper
allowed us to take important measurements such as stroke length and speed when analyzing the
video footage from each test. The camera was placed in the same location for all tests to ensure
consistent results. For each test, the final prototype was placed in one end of the pipe and then
crawled at a consistent pace until the other end was reached. The images in Figure 36 below
display both the horizontal and vertical test setups.
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Figure 36: Horizontal and vertical test setups for final prototype.

5.3.2 - Testing Results
The purpose of the pipe testing was to confirm that the soft bodied robot was capable of
crawling through the pipe. The pipe testing served as a way of quantifying the locomotive
capabilities of the robot. The main values gathered from the testing were speed, stroke length,
and stroke speed. The robot is powered by the hand pump syringe system, thus the specific
pressure supplied to the metamaterial cylinders is dependent on the way the user pumps the
syringe. Due to the fact that this force supply is manual, this leaves room for user error and
inconsistent powering of the robot in the various trials performed. In order to account for this, the
values from the trials have been averaged together, with clear outliers not accounted for. The
values from all trials can be seen in Appendix M. The data from two videos, one of horizontal
locomotion and one of vertical locomotion, were discarded because the user applied noticeably
inconsistent pressure. Data from four trials of horizontal locomotion were used to find the
average values for the robot moving horizontally within the pipe and data from six vertical
locomotion tests were used to find the values for the robot moving vertically. The results are
shown in Table 11.
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Table 11: Pipe testing data.
Average Speed
(in/sec)

Average Stroke
Length (in)

Average Strokes per
Second

Vertical
Locomotion

0.327

0.272

1.070

Horizontal
Locomotion

0.316

0.339

0.764

The speed was calculated by measuring the total distance that the front edge of the robot
went and then dividing the distance by the time it took to go the distance. The stroke length was
calculated by analyzing each stroke taken throughout the test pipe, which is one single
combination of expansion and contraction of the robot. The distance traveled by each stroke was
summed together and divided by the number of strokes that occurred. Lastly, the strokes per
second were calculated by summing the number of strokes that occurred in the trial and dividing
this value by the time that robot was moving. In order to account for the potential inconsistencies
of user syringe pumping, all of the horizontal locomotion data was averaged out and all of the
vertical horizontal data was averaged out. The data shown in Table 10 contains the final values
extracted from the pipe testing with the final prototype.
As evident, the speed of the vertical and horizontal locomotion are similar at 0.327 in/sec
and 0.316 in/sec. It is important to note that these similar speeds were a result of short but
quicker strokes in the case of vertical locomotion and longer but shorter strokes in the case of
horizontal locomotion. The stroke rate is directly proportional to how quick the user is pumping
the syringe, so it is evident by the differing rates, 1.070 and 0.764, that the user was not applying
an identical pressure to power the robot in all of the trials. Further work on this prototype will
involve supplying a consistent force and analyzing the resulting locomotion.
In comparison to the product design specifications the final prototype did incredibly well.
It had a horizontal speed of 0.316 in/s which is significantly greater than the goal of 0.1 in/s.
Additionally the prototype was incredibly light. The prototype itself weighed only 4.05 ounces
which is dramatically less than the design goal of 100 ounces. Lastly, the soft bodied robot could
crawl within a 2 in diameter pipe which is nearly half as large as the proposed goal. In addition
to this the additional criteria including making the robot soft-bodied, simplistic, able to traverse
inclined pipes, and cost effective were all achieved. The only category that could not be tested
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was the ability to traverse pipe bends. This is largely due to the fact that we were unable to
acquire the appropriate bent pipes for this type of testing. These results can be seen below in
Table 12.
Table 12: Comparison of results to project goals.
Category

Criteria

Speed

> 0.1 in/s 0.316

Weight

< 100 oz

4.05 oz

Pipe Diameter

< 4 in

2 in

Soft-Bodied

Yes

Yes

Simplistic

Yes

Yes

Traverse Inclined Pipes Yes

Yes

Traverse Pipe Bends

Yes

Untested

Cost Effective

Yes

Yes

75

Results

Chapter 6 – Costing Analysis
6.1 - Overall Prototype Costs vs. Budget
The project ended up coming in significantly under budget upon completion. As
mentioned, we received $2,000 from Multiscale Systems and only spent $425 total. Our final
prototype ended up being extremely inexpensive due to a variety of reasons. First of all, our
manufacturing costs would have been significantl more e pensive if we didn t have access to
the SCU Maker Lab. Because we were able to print all of our cylinders in the Maker Lab for
free, we didn t have to spend an mone on 3D printing materials such as resin. Another area in
which we saved money with our final prototype was how we tested it. The design of our
pneumatic bellows linear actuator allowed us to reuse the actuator every time we wanted to test
different cylinders. Because the cylinders were epoxied to the outside of the actuator end caps,
we were easily able to scrape them off, clean the end cap, and then re-epoxy on a new cylinder.
This saved us the cost of having to buy new pneumatic bellows every time we wanted to change
out a cylinder for our in-pipe testing. The final cost of our overall prototype came out to be $39.
This cost was the sum of our pneumatic bellows, syringe, and tubing since the end caps and
cylinders were printed free of cost.
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Chapter 7 – Patent Search
7.1 - Introduction and Overview
The function of the soft-bodied robot that we have created relies heavily on both of the
metamaterial cylinders that we designed. The properties of these metamaterial cylinders rely
heavily on the geometry of the honeycomb unit cell as well as the wall thickness. Additionally,
taking the design and revolving it in order to form a 3D cylinder is something that is very new.
Due to this we believe that the metamaterial cylinders may form patentable products.
Additionally, the application of these two metamaterial cylinders into a soft-bodied robot may be
unique enough for a patent to be granted. While metamaterial applications have been used in
different applications such as padding, activewear, and vibration damping, very few
developments have been made in the field of locomotion. Specifically, locomotion within an
enclosed conduit. The creation of a cylindrical metamaterial that is employed for locomotion in
an enclosed conduit is a novel and unique application that may be patentable.
The official name of our soft-bodied robot is the Meta-Crawler. This name was chosen
because it describes in precise language the function of the soft-bodied robot. The team of
inventors who worked on this project are: Andrew Boyle, Caroline Stephens, John Barr,
Matthew Goodfellow, and Nicholas Rogers in addition to our advisors Dr. Arthur Evans, Dr.
Michael Taylor and Dr. On Shun Pak. During the development of this project, we had various
key dates. These included: 3/23/2021, the day when our first prototype was completed, and
4/23/2021, the date when our final prototype was completed.
The purpose of these metamaterial cylinders was to aid the locomotion of the soft-bodied
robot within the enclosed conduit when subjected to the force provided by the linear actuator.
This locomotion was achieved b the opposite sign Poisson s ratios of the two metamaterial
cylinders. When subjected to a compressive force, the auxetic metamaterial contracted radially.
In contrast, the conventional metamaterial cylinder expanded under a compressive force. When
subjected to a tensile force the auxetic metamaterial expanded radially while the conventional
metamaterial contracted radially. This behavior allowed the two cylinders to function in a dual
clutch manner and allowed the soft-bodied robot to crawl like an inchworm.
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Both of the metamaterial c linders require Poisson s ratios which are equal in magnitude
and opposite in sign. This will optimize the locomotion of the system and allow for it to move
evenly and efficiently. In order to do this, two different unit cells were designed. One
conventional and one auxetic. These unit cells were employed in a repeating structure in order to
develop cylinders of material with Poisson's ratios that were equal in magnitude but had different
signs. The auxetic unit cell employs a reverse honeycomb shape. In contrast the conventional
unit cell employs a conventional honeycomb shape.
Currently there are no soft-bodied robots that rely on circular metamaterials for
locomotion. This being said, there have been soft-bodied robots that use cube shaped blocks of
metamaterials for locomotion. Although similar, the geometry of the cylindrical metamaterial is
a large difference from the cube shaped block. Due to this, there is relatively little competition on
the market. In pipe inspection applications, robots currently in use are large and bulky robots
with cameras attached. These are used to progress through the pipe and provide footage
showcasing the inside of the pipe, giving proof as to the current condition. Our soft-bodied robot
is very much a proof of concept and thus is difficult to compare to current technologies.
Additionally, metamaterials as a field has not been sufficiently researched. Due to this there are
many concepts for metamaterial application in locomotion but almost none have been marketed
or sold. This being said, as metamaterials begin to become more commonplace, we may see
more applications of metamaterials used in locomotive applications.

7.2 - Invention Diagram
This soft-bodied robot is composed of three main components. These three components
are the actuator, the auxetic metamaterial cylinder, and the conventional metamaterial cylinder.
Figures 37, Figure 38, and Figure 39 below show the actuator, the auxetic metamaterial cylinder,
and the conventional metamaterial cylinder, respectively. Both the metamaterial cylinders could
potentially be patented. Each cylinder is 1.5 inches long and has a diameter of 2.03 inches. This
diameter is slightly larger than the inner diameter of the pipe to cause enough interference that
the robot grips the pipe.
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Figure 37: Pneumatic rubber actuator with 3D printed end caps used for powering softbodied robot.

Figure 38: Section view of auxetic metamaterial cylinder depicting multiple reverse
honeycomb unit cells revolved around a center axis.
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Figure 39: Section view of conventional metamaterial cylinder depicting multiple
honeycomb unit cells revolved around a center axis.

7.3 - Patent Classifications
To define the appropriate patents for our device s subs stems and features, we consulted
the United States Patent and Trademark Office website to discover the proper classification of
each aspect.
The first patent type we classify under is a Class 33-1R-1BB patent. This patent is
classified for inventions in the geometrical instrument category, under miscellaneous, inspection.
The purpose of this invention is to provide a new method of pipe inspection that surpasses
current methods. Thus, since our invention is a tool for inspection, it fits appropriately within this
category and corresponding subsection.
80

The second patent type is listed as follows: Class 251-12-61-92-34+ - Valves and Valve
Actuation, Fluid Actuated or Retarded, Flexible wall expansible chamber reciprocating valve
actuator: Expansible Chamber Devices, for a bellows type expansible chamber device. This
patent corresponds with our actuator system design which motivates the system. The system
consists of a flexible wall bellows which expands and contracts with the flow of air in and out of
the chamber. The compression and expansion that is resultant of this action provides the motion
necessary for the movement of our device and is a key component of our design.
The third patent type is for our metamaterial design itself, and falls under the 188/371
patent category. The name of this category is qualified as shock absorbent materials. This applies
to the metamaterial blocks of our invention, as they provide their functionality based on how
they react to an impacted pressure. The conventional block expands radially outward when
experiencing a compressive pressure, while the auxetic block shrinks radially inward when
experiencing the same compressive pressure. These opposing behaviors allow for the invention
to function as intended.

7.4 - Prior Art
Based on the work we have completed thus far and the direction of our invention, the
following patents were researched and determined to be relevant enough for consideration. These
include patents for various metamaterial designs, designs for propulsion through an enclosed
conduit, and designs for actuators similar to our own. The patents can be found listed in Table 13
below and the descriptions for each follow.
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Table 13: Applicable and relevant patents to our invention.
Patent Number

Title

Date

US 2015/0345479
A1

CONVERTOR

2015-12-03

US 10,850,406 B2

NON - PLANAR SHEARING AUXETIC
STRUCTURES, DEVICES, AND METHODS

2020-12-01

US 8,164,232 B2

MECHANICAL META-MATERIALS

2012-04-24

US 63/044,646

MATERIAL WITH PROISOTROPIC STRESS
RESPONSE STRUCTURE

2020-06-26

US 63/149,839

GEOTHERMAL SYSTEM MATERIALS

2021-02-16

JP2004353715A

N-polygonal section type bellows actuator

Pending

US 2015/0345479 A1
This patent was applied for in 2014 and filed in 2015, which could make it considered an
older technology, but we used the research and invention description they provided in the patent
and previous publications as a strong basis for our own design. For this reason, this patent is
considered relevant to our invention.
This patent is for the invention of Andrew Mark and Peer Fischer which is a system of
unidirectional motion which operates under the propulsion of a single expansive and
compressive actuator. This actuator provides compressive and tensile forces to two separate
bodies which behave oppositel due to their Poisson s ratios of opposite signs.
Our invention works on the same principle as this patent, as it utilizes a single actuator
s stem and two metamaterial blocks of opposite Poisson s ratio. Where our invention differs is
in the shape of the metamaterial blocks and the shape of the conduit it is capable of traveling
through. Our invention is cylindrical in nature and travels through cylindrical pipes, whereas this
invention utilizes cubic blocks and is only capable of traveling through a rectangular prism.

US 10,850,406 B2
This patent is from a technology applied for in 2018 by Jeffrey Ian Lipton et al. from the
Massachusetts Institute of Technology. This patent is for the invention of a shearing auxetic
metamaterial structure which can be both rigid and semi-rigid. When an actuator is implemented,
82

this material can convert rotation or other motion to translation, volume expansion, bending,
twisting, etc.
Our auxetic material behaves similarly to this, except that it does not respond to
rotational motion. It is actuated by tensile and compressive forces to expand or contract its
volume so that it may slide through the pipe or grip its walls tightly - depending on which is
desired.

US 8,164,232 B2
This patent is from 2012 and invented by Roy D. Kornbluh et al. It is another kind of
metamaterial with the capabilities of alternating between two distinct states via activation
elements. These activation elements alter the connections between each overlapping component
to separate and expand, or unite and contract them.
Our invention is like this in which the metamaterials shape and volume are altered when
activated. However, our metamaterials do not possess the overlapping components which allow
this invention to work. Instead, our invention utilizes just two distinct metamaterial bodies which
operate independently of each other to provide our invention its functionality.

US 63/044,646
The patent is from 2020 and was invented by our sponsor and advisor, Dr. Arthur Evans,
and his colleague Jesse Silverberg at Multiscale Systems. This patent is for the invention of new
metamaterial which allows for similar hardness and strength of typical materials designed to
withstand impacts in military scenarios without the typical downside of the added weight. In
short, it is capable of providing the same protection of toda s materials, but with much less
weight. This allows for greater protection on aircraft like jets and helicopters or increased fuel
efficiency and reduced weight for ground vehicles which use the heavier materials.
While the lattice structure of this is similar to the one we eventually used in our
invention, the unit cell shape and functionality is entirely different. Our design does not absorb
and harden after impacts, instead it deforms and changes its volume to either slide through or
firmly grip the inside of a pipe.
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US 63/149,839
This patent is from 2021 and was again invented by our sponsor and advisor, Dr. Arthur
Evans, and his colleague Jesse Silverberg at Multiscale Systems. This invention is used in
downhill drilling equipment to improve thermal tolerance, chemical corrosion resistance, and
pressure tolerance. This invention allows for drilling rigs to reach depths greater than four
kilometers and geothermal zones exceeding 300 degrees Celsius.
Again, while the lattice structure of this is similar to the one we eventually used in our
invention, the unit cell shape and functionality is entirely different. Our design does not improve
thermal tolerance, chemical corrosion resistance, and pressure tolerance, instead it deforms and
changes its volume to either slide through or firmly grip the inside of a pipe.

JP 2008298232A
This patent is for a section type bellow actuator invented by Shinya Fukushima in Japana
in 2004. This bellow is capable of instantaneous e pansion and compressions to the actuator s
full volume capabilities. Additionally, it is easily and accurately manufactured and it does not
bend or falter when fully expanded.
Our bellows actuator works similarly to this actuator in the manner in which it expands
nad contracts, though this invention uses overlapping layers to increase the expansion and
compression speed. Our actuator uses a series of rings of larger diameter than the actuators inner
tube which collapse in on each other or expand off each other as it expands and contracts. The
functionality is the same, but the manner in which each actuator performs is different

7.5 - Patent Summary
In looking at our soft-bodied robot there is great potential for the possibility of patenting
both the cylindrical metamaterials as well as the robot as a whole. We argue this because our
design utilizes two subsystems that as individual subsystems show potential to be patentable.
These subsystems are the auxetic and conventional metamaterial cylinders. In addition to this,
our robot as a whole is very unique and allows us to make claims that differentiate it from other
patents. For instance, our metamaterials use a relatively new unit cell and are also revolved
around an axis to create a cylinder. Additionally, there are no other patents that include
cylindrical metamaterials in any regard. Finally, there were no other robots that utilized
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metamaterials with opposite sign Poisson s ratios for locomotion within an enclosed conduit. For
this reason, we believe that there is great potential for it to be patentable.
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Chapter 8 – Engineering Impacts and Realistic Constraints
Soft-Bodied Robotic Locomotion via Mechanical Metamaterials: Application in Pipe
Inspections aims to bring to light the unique characteristics and abilities of metamaterial
technology. This technology is relatively new and the potential applications and impacts of
metamaterial implementation is largely unknown. In this project, the economic, manufacturing,
and safety impacts are focused on and explored.
The metamaterials that are being developed rely on origami-like geometry in order to
change the mechanical properties of the system. Specifically, we will be considering auxetic
metamaterials as well as conventional metamaterials. Auxetic metamaterials are metamaterials
that exhibit a negative Poisson's ratio. Poisson's ratio is the ratio of transverse strain to axial
strain. In short, a negative Poisson's ratio means that under compression the material will
contract, and under tension the material will expand. In contrast, a conventional material has a
positive Poisson's ratio and will expand under compression and contract under tension.
We aim to create a soft-robot crawler that operates inside of a closed conduit two inches
in diameter with the purpose of conducting a pipe inspection. We are also pursuing this as a
proof of concept of soft-robot locomotion that can be applied to other fields as well. This is
motivated by the desire to create a system that will improve upon current devices by being able
to reach places and overcome obstacles that current devices cannot handle. The soft materials we
use can cloak obstructions in the pipe and allow the robot to navigate past them.

8.1

Economic
In order for a new product to be of value, either the product is meeting an unresolved

need or the product is cheaper than the existing form of solution. Economics play a large role in
innovation because there must be market value for the innovation to be accepted. A need alone
does not necessarily call for an immediate solution.
In the case of the soft-robot used for pipe inspections, economics played a major role in
constructing a solution for current pipe inspections. The current solution for pipe inspections
involves large, heavy robots on wheels. These contraptions cost upwards of one thousand dollars
which does not account for the camera cost. The proposed soft-robot consisting of metamaterials
cylinders is around one tenth of the current solution price, depending on what actuator system is
86

used. The current design presented only costs $44 for manufacturing. In addition to the
production cost being smaller, the metamaterial robot is less likely to get stuck in the pipe
because of its soft nature. This will save additional costs for the contractor because the pipe will
not have to be excavated to remove the clogged robot. The metamaterial cylinders as well as the
rubber actuators can all be 3D printed. At a small scale, this manufacturing practice is cheaper
than the existing practice of altering steel pieces. Costs are usually dependent on engineering
decisions made, so the materials and the mode of manufacturing was chosen with economic
benefits in mind.

8.2

Manufacturing
The potential impacts of manufacturing is extremely important to think about when

designing an object for potential mass production. Manufacturing can limit the design
possibilities and can hinder the effectiveness of the robot. However, the ideal manufacturing
process and equipment can allow for the robot to achieve the goals set, such as the speed of
greater than 0.1 in/sec or a weight of less than 10 ounces.
Manufacturing played a major role in the construction of the soft-bodied robot and will
continue to play a major role as this metamaterial technology is expanded for different
applications. In order for the soft-bodied robot to be rapidly prototyped, 3D printing was chosen.
The initial prototypes were created for single use, as the goal was to run preliminary tests and
ultimately succeed in making the robot advance forward. 3D printing allowed for various
iterations to occur with small variations each print. Through the trials of 3D printing, the
accuracy of the cylinder dimensions varied by an average of 2% from the original design
dimensions. This proved to be an issue as it was difficult to reach the intended interference in the
pipe.
As the project expands in scope beyond our role, manufacturing will need to be a main
focus. Improving manufacturability will decrease the time it takes to get both auxetic and
conventional cylinders to match in interference. With greater resources and no pandemic
restrictions in place, the detailed metamaterials cylinders should be created through advanced
molds or higher precision 3D printers. While the upgrade in manufacturing may increase cost for
single use, it will decrease overall cost for obtaining successful bulk production.
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As this robot becomes capable of being implemented for real inspections in any particular
conduit, the mass production process, cost, and environmental effects need to be considered.
This is where manufacturing choices make the greatest impact.

8.3

Safety
The safety of potential users of the soft-bodied robot was a very important concern.

While the metamaterial application in consideration during this project was a pipe inspection,
future iterations can allow for the metamaterial technology to help in other applications.
Regardless of what the metamaterial technology is used for, the safety of the user must be taken
into consideration.
The soft nature of the metamaterial cylinders as well as the rubber actuator allow for the
robot to avoid causing potential damage to the enclosed conduit. In the case of the pipe
inspection application, damaging the internal pipe structure leads to a burst pipe as time goes on.
This poses a serious risk to infrastructure surrounding the pipe and the wellbeing of those where
the fluid was intended to reach.
In addition, the metamaterial expansion and contraction allows for a slow and controlled
movement. Thus, potential operator errors can be mitigated as the robot will not exhibit
damaging sporadic motion. Specific requirements that the soft-bodied robot must follow for the
pipe inspection to be considered thorough and safe are always contained in the specification
book of the particular construction job. These specification books also include standards that the
inspection will need to abide by, such as ASTM F3095-17a: Standard Practices for Laser
Technologies for Direct Measurement of Cross-Sectional Shape of Pipeline and Conduit by
Rotating Laser Diodes and CCTV Camera System [17]. In the case of future applications, such
as biomedical devices, the ease of control and the soft-bodied is a necessity for ensuring the
safety of the patient.

8.4

Conclusion
As evident, the potential impacts of the Soft-Bodied Robotic Locomotion via Mechanical

Metamaterials: Application in Pipe Inspections go beyond just pipe inspections. The technology
implemented in this project, which involves the unique metamaterial reaction to a constant
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displacement, can also be used in other avenues. These include but are not limited to biomedical
application of a colonoscopy, retrofitting commercial real estate, and cave explorations.
Depending on the specific application, there will be different impacts of the engineering project,
but economic, manufacturing, and safety impacts appear to be the most important at the time.
Implementing metamaterials to replace metal machines is a cost-effective approach that uses the
emerging art of 3D printing, which allows greater freedom with manufacturing, and results in
soft materials that will reduce potential for harm of the conduit that the robot operates within.
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Chapter 9 – Summary & Conclusion
9.1 - Design Evaluation
In short, we created a successful soft-bodied robotic crawler that could maneuver
vertically and horizontally through a two-inch diameter pipe. The robot was the accumulation
of countless hours of research, calculations, manufacturing, and testing. The proof of concept
satisfied the needs of our sponsor Multiscale Systems who will use the research moving
forward in their metamaterial studies and designs.
The chosen design satisfied most, but not all the design requirements originally set out
to be achieved. The final robot had nearly all soft components minus the PLA end caps to
support the actuator. The chosen components were the product of the design matrix as seen in
Appendix C. The auxetic and conventional unit cells selected were successful in maintaining
their properties, although some changes were noted from switching from a 2D sheet to a
revolved cylinder. More work should be done examining this difference. Although troubling at
first, the cylinders were successfully able to be printed out of 3D printed thermoplastic.
Within a two inch rigid pipe, our robot was 6.27 long and weighed 6.05o . It crawled of
speeds at 0.327 in/sec and 0.316in/sec for both vertical and horizontal respectfully. The final
system can be seen again in Figure 33.

9.2 - Future Work
Many design factors were unable to be incorporated into the final prototype due to the
timeline and COVID-19. Further testing is necessary in a more scientific and controlled
environment to test the actuator and metamaterial cylinders. The testing will confirm and
hopefully identify a better correlation between theoretical, FEA, and physical results. One future
work idea was a cone structure at the front of the robot which would allow it to push small
obstacles in its way to the side as shown in Figure 40 below. The cone was designed and printed,
but only one iteration was completed, and successful locomotion was not achieved.
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Figure 40: First iteration of the auxetic coned front metamaterial.
Another idea was to make the robot travel through 30° and 45° bends in a pipe which it
could encounter when implemented in a real-world testing situation. Other ideas included
implementing a second or third actuator so that the robot could be steerable - giving the operator
the option to turn left, right or reverse at an intersection. Additionally, current manufacturing
techniques can be improved. Further work should be done to find more consistent manufacturing
methods whether that be a higher resolution 3D printing or other methods. Other methods such
as creating molds of the cylinders were considered, although were not completed in time. Our
first iteration of a mold for the conventional structure can be seen in Figure 41 below.
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Figure 41: CAD model of cavity, core, and part.

When implemented in pipe inspections, a camera will be needed at the front of the robot
so that the operator can inspect the inside of the pipe. A detailed analysis of available cameras
and budgetary requestions of which one to use should be done. Another big improvement
anticipated is the robot s ability to move past corrosion and obstacles in the pipe - as this is one
of the soft-bodied design s advantages. This will be explored through the cone and further
testing. And lastly, for our scale of traveling through a three-foot pipe a hand pump mechanism
is sufficient, but for real world applications, an untethered actuator system will be necessary to
traverse greater distances. Some sort of tether-less system should be explored. All of these are
great ideas which can prove very useful in bettering the design, and we hope that they can be
pursued in future work.
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Appendix A: Standards
The main focus of this project is about research and development of metamaterials. Due
to the fact that this is an emerging technology, there are not established standards to follow for
the design, creation, and testing of metamaterials for various applications. As a result, the focus
of the standards search has been on standards applicable to 3D printing, physical testing, finite
element analysis, and the proposed application of a pipe inspection. All standards were found
using the ASTM international website [32]. Related standards are as followed:
ASTM F624 - 09(2015):
This is the Standard Guide for Evaluating Thermoplastic Polyurethane Solids and
Solutions. This standard intends to aid the product fabricators in selecting properly commercially
available polyurethan solids and solutions for intended applications. Specific tests and methods
listed in this standard contain required values and tolerances for specific end us products. This
standard focuses on the use of thermoplastic polyurethane, or TPU, for biomedical applications.
While we are proposing the use of the soft robot for pipe inspections, later iterations could in fact
be employed in the medical device sphere. If this were the case, the standard also contains details
on tests for biocompatibility. Regardless of the application, it is essential to our project to
properly choose the best TPU for our robot. The two metamaterial cylinders are made of
NinjaFlex filament, which is a TPU based material. In the case of mass production or
commercialization, this standard would play an important role because the material choice would
need to be further vetted.
ASTM D575 - 91(2018):
This is the Standard Test Methods for Rubber Properties in Compression. This standard
covers test procedures for determining compression characteristics of rubber compounds.
Specific tests and potential intended outcomes are listed in this standard as well as the proper
way to perform the test. The metamaterial cylinders are made out of NinjaFlex. Ninjaflex is
essentially a blend of hard plastic and rubber. While COVID affected the access to testing
equipment, some simplified tests were performed with the intent of finding material properties.
Through a DIY testing apparatus consisting of various wood planks and 5 kg blocks, the various
3D printed metamaterial c linders were put in compression in order to calculate the Poisson s
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ratio. In a non-COVID time, access to the testing equipment mentioned in this standard would be
possible and thus the standard could be followed more closely.
ASME V&V 40-2018:
This is the standard for Assessing Credibility of Computational Modeling through
Verification and Validation. This standard provides the framework for assessing the relevance of
completed verification and validation activities involved in establishing the credibility through
computational modeling. In the case of this project, the computational modeling in question is
done through ANSYS Finite Element Analysis. This standard contains details about stressing
credibility must be based on functional characteristics, evidence of product performance, and the
potential consequences if the validation and verification is inaccurate. There are no tests or
methods introduced in this standard, but rather a framework for making an assessment of
credibility is presented. FEA was used in this project to serve as a bridge between theoretical
calculations and physical results. The metamaterial cylinders went through various iterations of
FEA with differing boundary conditions, meshes, nodes focused on, and designs. Tests were
repeated multiple times to gather and compare data, ensuring an accuracy and precision in the
resulting behavior. The FEA of this project dictated what cylinders would be final contenders for
the finished robot assembly and also allowed for pressure requirements for the actuator to be
calculated. It was essential in this project to verify and validate the credibility of the
computational modeling, and the standard provided the framework for using sound engineering
judgement.
ASTM F3095 - 17a:
This is the Standard Practice for Laser Technologies for Direct Measurement of CrossSectional Pipeline and Conduit by Rotating Laser Diodes and CCTV Camera System. This
standard is used as a quality control tool for identifying deformations, physical damage, and
other pipe anomalies after pipe installation. This standard is applicable to all types of pipe
material and shapes, depressurized and gravity storm sewers, sanitary sewers, and combined
sewers with a diameter less than 72 inches. The pipe mentioned for the practical application of
the metamaterial soft robot fits under this description. In addition to serving as a quality control
tool, the standard also covers the procedure for determining any deviation on the internal surface
of the installed pipe compared to the original design. The purpose of the soft robot actuator
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created in this project is for pipe inspection and checking if the pipe deviated from the designed
pipe. Thus, the specific procedure listed in this standard is exactly what the robot will have to
follow when it is put in use. Thus, it is important as designers to make sure that the robot created
in this project could physically complete the procedure.
ASTM G4 - 01(2014):
This standard is the Standard Guide for Conducting Corrosion Tests in Field
Applications. This covers the procedures for conducting corrosion tests in plant equipment under
operating conditions in order to assess the corrosion resistance of engineering materials. In this
specific case, the engineering material in question would be the pipe material and the plant
equipment would be the water pipe system. This standard is very similar to the standard ASTM
F3095 -17a because both involve the procedure that the soft robot must be able to physically
complete. Details contained in this standard should be paid very close attention to if or when the
robot is designed for commercial use.
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Appendix B: Printer Specifications
Ultimaker 3
- Technology: Fused Filament Fabrication
- Nozzles: Two
- Build Volume:
- Left nozzle: 215x215x300mm
- Right nozzle: 215x215x300mm
- Dual material: 197x215x300mm
- Layer Resolution: 0.4mm nozzle: 20 - 200 micron
- Step Accuracy: 12.5, 12.5, 2.5 micron
- Filament Compatibility: 2.85 mm Diameter, PLA, PVA, ABS, CPE, Nylon
Prusa i3 MK3S
- Technology: Fused Filament Fabrication
- Nozzles: One
- Build Volume: 25 x 21 x 21 cm or 9.84 x 8.3 x 8.3 in
- Layer Height: 0.05 mm
- Step Accuracy: 12.5, 12.5, 2.5 micron
- Filament Compatibility: 1.75mm Diameter, PLA, ABS, PET, HIPS, Flex PP, Ninjaflex,
Laywood, Laybrick, Nylon, Bamboofill, Bronzefill, ASA, T-Glase, Carbon-fibers enhanced
filaments, Polycarbonates...

Formlabs Form2
- Technology: Stereolithography (SLA)
- Build Volume: 145 × 145 × 175 mm \\ 5.7 × 5.7 × 6.9 in
- Layer Thickness: 25, 50, 100, 200 microns - 0.001, 0.002, 0.004, 0.008 in
- Positioning Precision: XY Axis: 11 micron / 0.011 mm - Laser Spot Size: 40 microns 0.0055
inches
MakerBot Replicator 2X 3D Printer
- Technology: Fused Filament Fabrication Nozzles: 2
- Build Volume: 9.7 x 6 x 6.1" / 24.6 x 15.24 x 15.5 cm
- Layer Resolution: XY Axis: 100 micron / 0.1 mm
- Positioning Precision: XY Axis: 11 micron / 0.011 mm \ Z Axis: 2.5 micron / 0.0025 mm
- Filament Compatibility: 1.75 mm Diameter, ABS, Flexible Materials
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Appendix C: Design Matrix
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Appendix D: Budget
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Appendix E: Timeline
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Appendix F: MAKER LAB Safety Instructions
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Appendix G. Theory Calculations
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Appendix H: Relationship Between Honeycomb Angle and Poisson s
Ratio Value
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Appendix I: Auxetic Script
# -*- coding: mbcs -*from part import *
from material import *
from section import *
from assembly import *
from step import *
from interaction import *
from load import *
from mesh import *
from optimization import *
from job import *
from sketch import *
from visualization import *
from connectorBehavior import *

# Material properties -----------------------------------------------------------------------------------YoungsMod = 1450377.377 # Young's modulus (in PSI)
PoissonRatio = 0.3
# --------------------------------------------------------------------------------------------------------

# Parameters --------------------------------------------------------------------------------------------T=1.0 # offset thickness of unit cell walls (in)
applied_displacement = 0.01 # displacement of top surface
L=3.93701
H=7.08661
theta=0.523599
#In Radians
G=11.02363
Q=1
Seed_Size=0.07

mdb.models['Model-1'].ConstrainedSketch(name='__profile__', sheetSize=200.0)
mdb.models['Model-1'].sketches['__profile__'].Line(point1=(H/2, 0),
point2=(H/2-L*sin(theta), L*cos(theta)+0))
mdb.models['Model-1'].sketches['__profile__'].Line(point1=(H/2-L*sin(theta), L*cos(theta)),
point2=(H/2-L*sin(theta)+H, L*cos(theta)))
#mdb.models['Model-1'].sketches['__profile__'].HorizontalConstraint(
# addUndoState=False, entity=
# mdb.models['Model-1'].sketches['__profile__'].geometry[3])
mdb.models['Model-1'].sketches['__profile__'].Line(point1=(H/2-L*sin(theta)+H, L*cos(theta)),
point2=(H/2-2*L*sin(theta)+H, 0))
mdb.models['Model-1'].sketches['__profile__'].Line(point1=(H/2-2*L*sin(theta)+H, 0),
point2=(H/2-L*sin(theta)+H, -L*cos(theta)))
mdb.models['Model-1'].sketches['__profile__'].Line(point1=(H/2-L*sin(theta)+H, -L*cos(theta)),
point2=(H/2-L*sin(theta), -L*cos(theta)))
#mdb.models['Model-1'].sketches['__profile__'].HorizontalConstraint(
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# addUndoState=False, entity=
# mdb.models['Model-1'].sketches['__profile__'].geometry[6])
mdb.models['Model-1'].sketches['__profile__'].Line(point1=(H/2-L*sin(theta), -L*cos(theta)),
point2=(H/2, 0))
mdb.models['Model-1'].sketches['__profile__'].offset(distance= T, objectList=(
mdb.models['Model-1'].sketches['__profile__'].geometry.findAt((H/2-0.5*L*sin(theta),
0.5*L*cos(theta)), ),
mdb.models['Model-1'].sketches['__profile__'].geometry.findAt((H/2-L*sin(theta)+0.5*H,
L*cos(theta)), ),
mdb.models['Model-1'].sketches['__profile__'].geometry.findAt((H/2-1.5*L*sin(theta)+H,
0.5*L*cos(theta)), ),
mdb.models['Model-1'].sketches['__profile__'].geometry.findAt((H/2-1.5*L*sin(theta)+H, 0.5*L*cos(theta)), ),
mdb.models['Model-1'].sketches['__profile__'].geometry.findAt((H/2-L*sin(theta)+0.5*H, L*cos(theta)), ),
mdb.models['Model-1'].sketches['__profile__'].geometry.findAt((H/2-0.5*L*sin(theta), 0.5*L*cos(theta)), )), side=RIGHT)
mdb.models['Model-1'].Part(dimensionality=TWO_D_PLANAR, name='Part-1', type=
DEFORMABLE_BODY)
mdb.models['Model-1'].parts['Part-1'].BaseShell(sketch=
mdb.models['Model-1'].sketches['__profile__'])
del mdb.models['Model-1'].sketches['__profile__']

mdb.models['Model-1'].Material(name='Material-1')
mdb.models['Model-1'].materials['Material-1'].Elastic(table=((YoungsMod,
PoissonRatio), ))
mdb.models['Model-1'].HomogeneousSolidSection(material='Material-1', name=
'Section-1', thickness=None)
mdb.models['Model-1'].parts['Part-1'].SectionAssignment(offset=0.0,
offsetField='', offsetType=MIDDLE_SURFACE, region=Region(
faces=mdb.models['Model-1'].parts['Part-1'].faces.getSequenceFromMask(
mask=('[#1 ]', ), )), sectionName='Section-1', thicknessAssignment=
FROM_SECTION)
mdb.models['Model-1'].parts['Part-1'].Set(edges=
mdb.models['Model-1'].parts['Part-1'].edges.getSequenceFromMask(('[#200 ]',
), ), name='Set-1')
mdb.models['Model-1'].parts['Part-1'].Set(edges=
mdb.models['Model-1'].parts['Part-1'].edges.getSequenceFromMask(('[#40 ]',
), ), name='Set-2')
mdb.models['Model-1'].parts['Part-1'].seedPart(deviationFactor=0.1,
minSizeFactor=0.1, size=Seed_Size)
mdb.models['Model-1'].parts['Part-1'].setMeshControls(elemShape=TRI, regions=
mdb.models['Model-1'].parts['Part-1'].faces.getSequenceFromMask(('[#1 ]',
), ))
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mdb.models['Model-1'].parts['Part-1'].generateMesh()
mdb.models['Model-1'].rootAssembly.DatumCsysByDefault(CARTESIAN)
mdb.models['Model-1'].rootAssembly.Instance(dependent=ON, name='Part-1-1',
part=mdb.models['Model-1'].parts['Part-1'])
mdb.models['Model-1'].StaticStep(name='Step-1', nlgeom=ON, previous='Initial')
mdb.models['Model-1'].DisplacementBC(amplitude=UNSET, createStepName='Step-1',
distributionType=UNIFORM, fieldName='', fixed=OFF, localCsys=None, name=
'BC-1', region=
mdb.models['Model-1'].rootAssembly.instances['Part-1-1'].sets['Set-2'], u1=
0.0, u2=0.0, ur3=0.0)
mdb.models['Model-1'].DisplacementBC(amplitude=UNSET, createStepName='Step-1',
distributionType=UNIFORM, fieldName='', fixed=OFF, localCsys=None, name=
'BC-2', region=
mdb.models['Model-1'].rootAssembly.instances['Part-1-1'].sets['Set-1'], u1=
UNSET, u2=applied_displacement, ur3=UNSET)
#mdb.models['Model-1'].boundaryConditions['BC-2'].setValues(u2=0.01)
mdb.models['Model-1'].rootAssembly.regenerate()
mdb.Job(atTime=None, contactPrint=OFF, description='', echoPrint=OFF,
explicitPrecision=SINGLE, getMemoryFromAnalysis=True, historyPrint=OFF,
memory=90, memoryUnits=PERCENTAGE, model='Model-1', modelPrint=OFF,
multiprocessingMode=DEFAULT, name='Job-1', nodalOutputPrecision=SINGLE,
numCpus=1, numGPUs=0, queue=None, resultsFormat=ODB, scratch='', type=
ANALYSIS, userSubroutine='', waitHours=0, waitMinutes=0)
mdb.jobs['Job-1'].submit(consistencyChecking=OFF)
# Save by mgoodfel on 2021_01_24-18.19.35; build 2019 2018_09_24-11.41.51 157541

Appendix J: Conventional Script
# Begin Code
Mdb()
pathName = "Z:/dcengr/Documents/Senior Design FEA/Unit Cell Thickness Test/"
os.chdir(pathName)

# Includes -----------------------------------------------------------------------------------------------from part import *
from material import *
from section import *
from assembly import *
from step import *
from interaction import *
from load import *
from mesh import *
from optimization import *
from job import *
from sketch import *
from visualization import *
from connectorBehavior import *
session.journalOptions.setValues(replayGeometry=COORDINATE,recoverGeometry=COORDI
NATE)
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# Rename model -------------------------------------------------------------------------------------------

# --------------------------------------------------------------------------------------------------------

# Material properties -----------------------------------------------------------------------------------YoungsMod = 1450377.377 # Young's modulus (in PSI)
PoissonRatio = 0.3
# --------------------------------------------------------------------------------------------------------

# Parameters --------------------------------------------------------------------------------------------T=.5 # ofset thickness of unit cell walls (in)
applied_displacement = .7 # displacement of top surface
L=3.93701
H=7.08661
theta=.523599
#In Radians
G=11.02363
Q=1
Seed_Size=.07
# Parameters ----------------------------------------------------------------------------------------------

#Create Part ----------------------------------------------------------------------------------------------

#Draws Part
mdb.models['Model-1'].ConstrainedSketch(name='__profile__', sheetSize=200.0)
mdb.models['Model-1'].sketches['__profile__'].Line(point1=(H/2, 0),
point2=(H/2+L*sin(theta), L*cos(theta)+0))
mdb.models['Model-1'].sketches['__profile__'].Line(point1=((H/2+L*sin(theta)),
(L*cos(theta))), point2=((H/2+L*sin(theta)+H), (L*cos(theta))))
mdb.models['Model-1'].sketches['__profile__'].Line(point1=(H/2+L*sin(theta)+H,
L*cos(theta)), point2=(H/2+2*L*sin(theta)+H,0))
mdb.models['Model-1'].sketches['__profile__'].Line(point1=(H/2+2*L*sin(theta)+H, 0.0),
point2=(H/2+L*sin(theta)+H, -L*cos(theta)))
mdb.models['Model-1'].sketches['__profile__'].Line(point1=(H/2+L*sin(theta)+H,
-L*cos(theta)), point2=(H/2+L*sin(theta), -L*cos(theta)))
mdb.models['Model-1'].sketches['__profile__'].Line(point1=(H/2+L*sin(theta),
-L*cos(theta)), point2=(H/2, 0.0))

#Offsets entities (Can Change Find At If Needed)
mdb.models['Model-1'].sketches['__profile__'].geometry.findAt((4.527558,
1.704775))
mdb.models['Model-1'].sketches['__profile__'].geometry.findAt((9.055116,
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3.40955))
mdb.models['Model-1'].sketches['__profile__'].geometry.findAt((13.582674,
1.704775))
mdb.models['Model-1'].sketches['__profile__'].geometry.findAt((13.582674,
-1.704775))
mdb.models['Model-1'].sketches['__profile__'].geometry.findAt((9.055116,
-3.40955))
mdb.models['Model-1'].sketches['__profile__'].geometry.findAt((4.527558,
-1.704775))
mdb.models['Model-1'].sketches['__profile__'].offset(distance=T, objectList=(
mdb.models['Model-1'].sketches['__profile__'].geometry.findAt((4.527558,
1.704775), ),
mdb.models['Model-1'].sketches['__profile__'].geometry.findAt((9.055116,
3.40955), ), mdb.models['Model-1'].sketches['__profile__'].geometry.findAt(
(13.582674, 1.704775), ),
mdb.models['Model-1'].sketches['__profile__'].geometry.findAt((13.582674,
-1.704775), ),
mdb.models['Model-1'].sketches['__profile__'].geometry.findAt((9.055116,
-3.40955), ),
mdb.models['Model-1'].sketches['__profile__'].geometry.findAt((4.527558,
-1.704775), )), side=RIGHT)
mdb.models['Model-1'].Part(dimensionality=TWO_D_PLANAR, name='Part-1', type=
DEFORMABLE_BODY)
mdb.models['Model-1'].parts['Part-1'].BaseShell(sketch=
mdb.models['Model-1'].sketches['__profile__'])
del mdb.models['Model-1'].sketches['__profile__']

#Makes Material
mdb.models['Model-1'].Material(name='Material-1')
mdb.models['Model-1'].materials['Material-1'].Elastic(table=((YoungsMod,
PoissonRatio), ))

#Creates Instances
mdb.models['Model-1'].rootAssembly.DatumCsysByDefault(CARTESIAN)
mdb.models['Model-1'].rootAssembly.Instance(dependent=ON, name='Part-1-1',
part=mdb.models['Model-1'].parts['Part-1'])
#Creates Sets
mdb.models['Model-1'].parts['Part-1'].Set(faces=
mdb.models['Model-1'].parts['Part-1'].faces.findAt(((H+L*sin(theta), L*cos(theta)+T/2,
0.0), )), name='Set-1')
mdb.models['Model-1'].parts['Part-1'].Set(edges=
mdb.models['Model-1'].parts['Part-1'].edges.findAt(((H+L*sin(theta), L*cos(theta)+T,
0.0), )), name='Set-2')
mdb.models['Model-1'].parts['Part-1'].Set(edges=
mdb.models['Model-1'].parts['Part-1'].edges.findAt(((H+L*sin(theta), -L*cos(theta)-T,
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0.0), )), name='Set-3')

#Creates Section
mdb.models['Model-1'].HomogeneousSolidSection(material='Material-1', name=
'Section-1', thickness=None)
mdb.models['Model-1'].parts['Part-1'].SectionAssignment(offset=0.0,
offsetField='', offsetType=MIDDLE_SURFACE, region=
mdb.models['Model-1'].parts['Part-1'].sets['Set-1'], sectionName=
'Section-1', thicknessAssignment=FROM_SECTION)
#Creates Step
mdb.models['Model-1'].rootAssembly.regenerate()
mdb.models['Model-1'].StaticStep(name='Step-1', nlgeom=ON, previous='Initial')

#Creates Boundary Conditions
mdb.models['Model-1'].DisplacementBC(amplitude=UNSET, createStepName='Step-1',
distributionType=UNIFORM, fieldName='', fixed=OFF, localCsys=None, name=
'BC-1', region=
mdb.models['Model-1'].rootAssembly.instances['Part-1-1'].sets['Set-2'], u1=
0.0, u2=applied_displacement, ur3=0.0)
mdb.models['Model-1'].DisplacementBC(amplitude=UNSET, createStepName='Step-1',
distributionType=UNIFORM, fieldName='', fixed=OFF, localCsys=None, name=
'BC-2', region=
mdb.models['Model-1'].rootAssembly.instances['Part-1-1'].sets['Set-3'], u1=
0.0, u2=0.0, ur3=0.0)
#Meshes Part
mdb.models['Model-1'].parts['Part-1'].seedPart(deviationFactor=0.1,
minSizeFactor=0.1, size=Seed_Size)
mdb.models['Model-1'].parts['Part-1'].setMeshControls(elemShape=TRI, regions=
mdb.models['Model-1'].parts['Part-1'].faces.findAt(((H+L*sin(theta), -L*cos(theta)-T/2,
0.0), )))
mdb.models['Model-1'].parts['Part-1'].setElementType(elemTypes=(ElemType(
elemCode=CPS8R, elemLibrary=STANDARD), ElemType(elemCode=CPS6M,
elemLibrary=STANDARD, secondOrderAccuracy=OFF, distortionControl=DEFAULT)),
regions=(mdb.models['Model-1'].parts['Part-1'].faces.findAt(((H+L*sin(theta),
-L*cos(theta)-T/2, 0.0), )), ))
mdb.models['Model-1'].parts['Part-1'].generateMesh()

#Creates Job and Executes Job
mdb.models['Model-1'].rootAssembly.regenerate()
mdb.Job(atTime=None, contactPrint=OFF, description='', echoPrint=OFF,
explicitPrecision=SINGLE, getMemoryFromAnalysis=True, historyPrint=OFF,
memory=90, memoryUnits=PERCENTAGE, model='Model-1', modelPrint=OFF,
multiprocessingMode=DEFAULT, name='Job-1', nodalOutputPrecision=SINGLE,
numCpus=1, numGPUs=0, queue=None, resultsFormat=ODB, scratch='', type=
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ANALYSIS, userSubroutine='', waitHours=0, waitMinutes=0)
mdb.jobs['Job-1'].submit(consistencyChecking=OFF)
mdb.jobs['Job-1']._Message(STARTED, {'phase': BATCHPRE_PHASE,
'clientHost': 'dcpcvdi08', 'handle': 0, 'jobName': 'Job-1'})
mdb.jobs['Job-1']._Message(ODB_FILE, {'phase': BATCHPRE_PHASE,
'file': 'Z:\\dcengr\\Documents\\Senior Design FEA\\Unit Cell Thickness Test\\Job-1.odb',
'jobName': 'Job-1'})
mdb.jobs['Job-1']._Message(COMPLETED, {'phase': BATCHPRE_PHASE,
'message': 'Analysis phase complete', 'jobName': 'Job-1'})
mdb.jobs['Job-1']._Message(STARTED, {'phase': STANDARD_PHASE,
'clientHost': 'dcpcvdi08', 'handle': 2064, 'jobName': 'Job-1'})
mdb.jobs['Job-1']._Message(STEP, {'phase': STANDARD_PHASE, 'stepId': 1,
'jobName': 'Job-1'})
mdb.jobs['Job-1']._Message(ODB_FRAME, {'phase': STANDARD_PHASE, 'step': 0,
'frame': 0, 'jobName': 'Job-1'}
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Appendix K: NinjaFlex by NinjaTek Material Properties

Technical Specifict ions
m

b

NinjaFlex® 3D Printing xFilament
Flexible Polyurethane Material for FDM Printers
NinjaFlex flei bl e filaen t leads t he i ndust r y wit hsuper i or flexi i li tyand l ongevi t y com
par ed t o non- pol yuret hane mate
rials. Its consistency in diameter and ovality (roundness) outpaces other polyurethane materials. Made from a specially
formulated thermoplastic polyurethane
x
(TPU) material, this patented technology contains a rlow-tack, easy-to-feed
texture. The result is uniquely flei bl e, st rong pr i nt s ideal for di rect -dr i ve ext ruder s.
General Properties

Test Method

Imperial

Metric

SpecificG
r avi ty

ASTM D792

1.19 g/cc

1.19 g/cc

Moisture Absorption - 24 hours

ASTM D570

0.22 %

0.22 %

Tensile Strength, Yield

ASTM D638

580 psi

4 Mpa

Tensile Strength, Ultimate

ASTM D638

3,700 psi

26 Mpa

Tensile Modulus

ASTM D638

1,800 psi

12 Mpa

Elongation at Yield

ASTM D638

65%

65%

Elongation at Break

ASTM D638

660%

660%

Toughness (integrated stress-strain curve; calculated stress x strain)

ASTM D638

12,000 in·lbF/in3

82.7 m*N/m3 x106

Hardness

ASTM D2240

85 Shore A

85 Shore A

Impact Strength (notched Izod, 23C)

ASTM D256

2.0 ft.lbf/in2

4.2 kJ/m2

Abrasion Resistance (mass loss, 10,000 cycles)

ASTM D4060

0.08 g

0.08 g

Melting Point (via Differential Scanning Calorimeter)

DSC

420° F

216° C

Glass Transition c
(Tg)

DSC

-31° F

-35° C

Heat Deflet ion Temperaturec(HDT) @ 10.75psi/ 0.07 MPa

ASTM D648

140° F

60° C

Heat Deflet ion Temperature (HDT) @ 66psi/ 0.45 MPa

ASTM D648

111° F

44° C

Mechanical Properties

Thermal Properties

NinjaTek
a filme nt is
a capabl e of bei ng pr i nt ed by a var i et y of pr i nt er s in d
a var i et y of conf iguati ons. This specifict ion sheet gi ves resul ts as they per tai n to the def ine t est standar d and speci men det ail s. n
Dif ferent slicinguand/or
printing configr at ions, test condi
c tions, amb i ent envi ronme nt s, et c. m
a y resul t in di f ferent results.
Impact Strength and Heat Deflet ion Temperature results were both provided by an accredited university testing laboratory. SpecificG
r avi ty and Ha r dness ar e innat e char act er i st ics of the m
a t er i al . M
o i st ur e Absorption, values
associated with the Tensile Strength tests, Melting Point and Glass Transition data were prepared by Fenner Drives, Inc.
NinjaTek makes no warranties of any type, express or implied, including, but no liited to, the warranties of fitess for a par tucl ar appl icat ion.
Test Specimen Details (by ASTM Test Number)
All printed specimens were created using the TAZ5 printer 0.75mm nozzle.
For ASTM D638 tests, the extrusion multiplier is 1.05.

Tensile (D638): Dogbone lStyle IV, 100% fil, di agonal line fill
Dimensions: 5mm thick. See drawing for other dimensions.

Dimensions:
2.5 “ L x 0.25” H x 0.5” W

SpecificGr avi ty (D7 92) : Results determined by nature of material.

a

Moisture (D570):
a
30g of filme nt test ed in m
o i st ur e anal yzer eval uat ed at
125°C until the mass change is < 0.005% over 1 minute.

Abrasion (D4060): Rectanglar block sized to fittabor abr ader .
Dimensions:
5” L x 0.5” H x 0.5” W

all dimensions in mm.

Hardness (D2240): Solid testing block.

+1-717-664-8254
.

HDT (D648): Bar shape.
Dimensions:
7.5” L x 0.125” H x 0.5” W

Dimensions:
2”L x 2” H x 0.75” W

NinjaTek.com

Impact (D256): Un-notched test specimen,
notch added post print by testing facility.

support@ninjatek.com
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Appendix L: Theoretical Pressure Calculations
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Appendix M: Trials from Locomotion
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Appendix N: PDS/Requirements
Category

Criteria

Reference

Speed

> .1 in/s

Allen et al. and Hapstack et al.

Weight

< 100 oz

Allen et al. and Mark et al.

Pipe Diameter

< 4 in

Ogai et al. and Mark et al.

Soft-Bodied

Yes

Mills et al.

Simplistic

Yes

Mills et al.

Traverse Inclined Pipes

Yes

Mills et al.

Traverse Pipe Bends

Yes

Mills et al.

Cost Effective

Yes

Mills et al.
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Appendix O: Presentation Slides
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Appendix P: Patent Samples
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Appendix Q: FEA Model of Single Unit Cell
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